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ABSTRACT
Performance of concrete columns has been significantly improved by using composite
material systems such as encased sections and concrete filled steel tubes. Different
combinations of encased sections and steel sections have been widely studied. Steel
sections and concrete have been used to construct composite columns with different
cross-sections. The composite columns are usually constructed of normal vibrated
concrete. Recently, self-compacting concrete (SCC) is also used in the construction of
the composite columns. The synergies between steel and SCC in composite columns
provide better performance in terms of high strength, stiffness, ductility, as well as fire
and seismic resistance. This study proposes two innovative concepts: a new method to
determine the stress-strain behaviour of SCC under direct uniaxial tension and a new
method of reinforcing SCC columns by using longitudinal small-diameter steel tubes
instead of reinforcing steel bars.
For the stress-strain behaviour of SCC under direct uniaxial tension, special steel claws
were designed, built and installed at both ends of 100 × 100 × 500 mm SCC specimens.
These claws were used to transfer the applied tensile forces to the specimens. The crosssection of the specimens was reduced in the middle to ensure that failure would occur in
the middle of the specimen. The test results showed that there was no slippage or
fracture at the ends of any of the tested specimens. Also, the failure occurred in the
middle of specimens, as expected. The direct tensile testing method developed in this
study was also used for different types of concrete including normal strength concrete
(NSC), high-strength concrete (HSC) and steel fibre reinforced high-strength concrete
(SFHSC). The developed method provided rational and reliable results for the direct
tensile strength of the SCC, NSC, HSC and SFHSC using a simple and effective testing
technique.
vi

The second aim of this study was to propose a new method of reinforcing SCC columns
by using longitudinal small-diameter steel tubes instead of reinforcing steel bars. A total
of 20 SCC specimens with 240 mm diameter and 800 mm height were cast and tested.
Four specimens were reinforced with normal steel bars (reference specimens) and the
remaining 16 specimens with steel tubes. All specimens contained steel helices with a
pitch of either 50 mm or 75 mm. Deformed steel bars of 16 mm diameter were used as
longitudinal reinforcement in the four reference specimens. Steel tubes of 33.7 mm
outside diameter with 2 mm wall thickness (ST33.7) and steel tubes of 26.9 mm outside
diameter with 2.6 mm wall thickness (ST26.9) were used as longitudinal reinforcement
in the remaining 16 specimens. The specimens were divided into five groups with four
specimens in each group. From each group, one specimen was tested under concentric
axial load, one under 25 mm eccentric axial load, one under 50 mm eccentric axial load
and one under flexural load. Although the nominal yield tensile strength of steel bar was
150 and 250 MPa greater than the nominal yield tensile strength of steel tubes ST33.7
and ST26.9, respectively, the test results revealed that the steel tube reinforced SCC
(STR SCC) specimens achieved ultimate load similar to reference specimens. Ductility
of concentrically loaded STR SCC specimens was higher than the ductility of the
reference specimen.
In addition to the experimental programs, the analytical axial load-axial deformation
responses and axial load-bending moment interactions of the STR SCC columns were
calculated based on the stress-strain responses of the longitudinal steel tubes,
unconfined concrete cover, confined concrete core and confined concrete inside the
steel tube. The influences of different parameters including the compressive strength of
SCC, tensile strength of steel tube, wall thickness of steel tube and pitch of steel helix

vii

were also investigated. The analytical and experimental results of STR SCC columns
showed good agreements.
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CHAPTER 1: INTRODUCTION

1.1 Overview
Solid steel bars are the dominant forms of reinforcement in concrete structural members
such as beams, slabs and columns. Reinforced concrete (RC) columns traditionally use
solid steel bars as longitudinal and transverse reinforcement. Recently, steel sections
have been used in reinforcing composite columns (Espinos et al. 2016; Skalomenos et
al. 2016; Liu et al. 2017). Composite columns consist of steel sections and concrete with
two main types of configurations: encased steel section columns and concrete-filled
steel tube (CFT) columns (Shanmugam and Lakshmi 2001). Composite columns are
generally used in high-rise buildings due to their high axial load capacity, ductility as
well as fire and seismic resistance (Rodrigues et al. 2015; Patel et al. 2015). To increase
the ductility and confinement of composite columns, circular steel tube sections are
used in constructing CFT columns (Schneider 1998).

In this study, small-diameter circular steel tube sections were used as longitudinal
reinforcement for RC columns (Figure 1.1). For the same cross-sectional area of a solid
steel bar and a circular steel tube, the radius of gyration of the circular steel tube is
higher than the radius of gyration of the solid steel bar. Hence, the bending stiffness of
the steel tube is higher than the bending stiffness of the steel bar. Filling these steel
tubes with concrete can further increase the yield and ultimate strength as well as the
ductility of the steel tube columns under axial compression (Alhussainy et al. 2017).
This is because the concrete inside the steel tube delays the local buckling and converts
the failure mode of the steel tube wall from inward to outward buckling (AISC 2010).
Since the diameter of these steel tubes is quite small, concrete with high flowability is
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required to completely fill the steel tubes without segregation. The self-compacting
concrete (SCC) is considered a suitable option and has been used for constructing the
columns in this study.

Figure 1.1: Schematic of the SCC column reinforced with steel tubes

The SCC can be used in complex forms and members that contain congestion of
reinforcement, without needing vibration, as it is able to compact under its own weight
(EFNARC 2002). The SCC offers a rapid rate of concrete placement, with faster
construction times and ease of flow around congested reinforcement. The fluidity and
segregation resistance of SCC ensures a high level of homogeneity, minimal concrete
voids and uniform concrete strength, providing the potential for a superior level of
finish and durability to the structure. The SCC is very suitable for CFT columns due to
the rheological properties of the SCC (Han and Yao 2004). The essential characteristics
of SCC are as follows (Heirman et al. 2008; Shen et al. 2014):

▪

Filling ability: fresh concrete is able to flow easily through unrestricted formwork
or/and reinforcement.
2

▪

Passing ability: fresh concrete is able to flow through narrow opening or congested
reinforcement without obstacle or segregation.

▪

Segregation resistance: fresh concrete is able to remain uniform in combination.

The mechanical properties of SCC such as compressive strength, flexural strength,
splitting tensile strength, modulus of elasticity, ductility and toughness have been
extensively studied (Sahmaran et al. 2006; Domone 2007; Khatib 2008; Filho et al.
2010). However, only a few studies investigated the direct tensile stress-strain
behaviour of the SCC. This is mainly attributed to the difficult test setup and the proper
execution of the experiments. Perfect alignment, secondary flexure, slippage and high
stress-concentration at the ends of specimen due to gripping are considered the main
factors that affect the direct tensile testing of the concrete (Wee et al. 2000; Mier and
Vliet 2002; Swaddiwudhipong et al. 2003; Choi et al. 2014; Roziere et al. 2015). Hence,
the direct tensile strength is usually calculated based on the test results obtained from
splitting tensile strength or flexural strength using suitable conversion factors. However,
it was reported that these conversion factors might not be applicable for SCC (Desnerck
et al. 2014).

Based on the aforementioned discussion, this study proposes two concepts: one concept
is a new method to determine the stress-strain behaviour of SCC under direct uniaxial
tension and the other concept is a new method of reinforcing SCC columns by using
longitudinal small-diameter steel tubes in lieu of steel reinforcing bars. This study also
aims to investigate experimentally and analytically the behaviour of SCC specimens
reinforced with steel tubes under axial concentric, 25 mm eccentric and 50 mm
eccentric and flexural loads.
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1.2 Research Significance
This study presents a new method to determine the stress-strain behaviour of the SCC
and different types of concrete including normal strength concrete (NSC), high-strength
concrete (HSC) and steel fibre reinforced high-strength concrete (SFHSC) under direct
uniaxial tension. Review of literature showed that previous methods suffered several
technical deficiencies including non-uniform fracture plane, stress concentration and
slippage at the end of the specimens and flexural loads due to the imperfect alignment
of the specimen during testing. The developed method provided rational and reliable
results for the direct tensile strength of the SCC, NSC, HSC and SFHSC using a simple
and effective testing technique.

This study also presents a new method for reinforcing concrete columns. Review of
literature showed that reinforcing steel bars used in traditional concrete columns are
usually solid in cross-sectional area. In the present study, small-diameter steel tubes
instead of solid steel bars are used as longitudinal reinforcement for SCC columns.
Beside, this study presents a simplified analytical model for the axial load-bending
moment interactions of SCC columns reinforced with steel tubes. The analytical model
takes into account the contributions of the steel tubes, unconfined concrete cover,
confined concrete core and confined concrete inside the steel tube. The predictions of
the developed analytical model have been found to be in good agreement with the
experimental investigation results.

1.3 Aims and Objectives
The main aim of this study is to investigate the behaviour of columns reinforced with
small-diameter steel tubes filled with SCC (STR SCC column). This study provides a
4

basis for using steel tubes instead of the conventional steel reinforcing bars as a new
method for reinforcing concrete columns. It also reveals the problems associated with
the use of plain steel tubes as longitudinal reinforcement in STR SCC column
specimens under eccentric loads because of the slip of steel tubes in concrete. The main
objectives are as follows:
•

Investigate the properties of the SCC in fresh state. The SCC is used in casting
columns as well as the small-diameter steel tubes. Hence, mix design for concrete
needs to be satisfied by the SCC requirements.

•

Investigate the direct tensile stress-strain behaviour of SCC and bond behaviour
between the SCC and steel tubes.

•

Investigate the performance of small-diameter steel tubes under axial compression.

•

Investigate the performance of small-diameter SCC filled steel tubes under axial
compression.

•

Investigate the behaviour of SCC columns reinforced longitudinally with smalldiameter steel tubes under concentric, eccentric and flexural loads.

•

Develop an analytical model to predict the axial load-bending moment interactions
of SCC columns reinforced with steel tubes. The analytical model takes into account
the contributions of the steel tubes, unconfined concrete cover, confined concrete
core and confined concrete inside the steel tube.

•

Conduct a parametric study to investigate the influences of the compressive strength
of SCC, tensile strength of the steel tube, the wall thickness of the steel tube and
pitch of the steel helix on the axial load-bending moment interactions of SCC
columns reinforced with steel tubes.
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1.4 Thesis Outline
Based on the aims and objectives listed above, the combined experimental and
theoretical studies in the present thesis are covered in nine chapters, details of each
chapter are summarised below:

Chapter one presents an overview of using steel tubes and SCC in composite columns,
advantages of the composite columns and SCC, and mechanical properties of SCC. It
also discusses the significance and objectives of this study.

Chapter two presents a new method for the direct tensile strength of the SCC. The
mechanical properties of SCC including compressive strength, splitting strength,
flexural strength, compressive stress-strain behaviour and modulus of elasticity are also
presented.

Based on the new method for the direct tensile strength of the SCC proposed in Chapter
two, Chapter three used the developed method to determine the direct tensile strength of
different types of concrete including normal strength concrete (NSC), high-strength
concrete (HSC) and steel fibre reinforced high-strength concrete (SFHSC). Chapter
three also presents the properties of SCC in fresh state and hardened state. The fresh
SCC properties conform to the specifications according to American Society for Testing
and Materials (ASTM methods). The hardened state including direct tensile strength and
mechanical properties of the SCC are compared with direct tensile strength and
mechanical properties of the NSC, HSC and SFHSC.
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Chapter four investigates the performance of small-diameter steel tubes under axial
compression. Galvanized and cold-formed steel tubes were used in this study, in order
to specify which type of the steel tube is to be used in the experimental program.

Chapter five investigates the performance of small-diameter SCC filled steel tubes
under axial compression.
Chapter six introduces the experimental program that includes twenty SCC columns
reinforced with longitudinal steel tubes. Testing of materials, fabrication of columns and
testing of columns are presented.

Chapters seven and eight present two simplified analytical models for the axial loadaxial deformation behaviour and axial load-bending moment interactions of SCC
columns reinforced with steel tubes, respectively. The analytical model takes into
account the contributions of the steel tubes, unconfined concrete cover, confined
concrete core and confined concrete inside the steel tube. The analytical results were
compared to the experimental results from the Chapter six.

Chapter nine summarises the conclusions derived from experimental and analytical
studies and provides recommendations for future research studies.
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CHAPTER 2: DIRECT TENSILE TESTING OF SELFCOMPACTING CONCRETE

Summary
This chapter focuses on the mechanical properties of self-compacting concrete (SCC).
The mechanical properties of SCC including compressive strength, splitting tensile
strength, flexural strength, compressive stress-strain behaviour and modulus of elasticity
were investigated. A new method for the direct tensile strength of SCC is proposed in
this chapter. The direct tensile strength of the specimens was found to be lower than the
splitting tensile strength and flexural strength. The developed procedure for the direct
tensile strength to the SCC was found to be effective and efficient. The developed
method is used in the next chapter (Chapter 3) to determine the direct tensile strength of
different types of concrete including normal strength concrete (NSC), high-strength
concrete (HSC) and steel fibre reinforced high-strength concrete (SFHSC).

Citation
This chapter has been published in the Construction and Building Materials with the
following citation:

Alhussainy F, Hasan HA, Rogic S, Sheikh MN, Hadi MNS. (2016). "Direct tensile
testing of self-compacting concrete." Construction and Building Materials, 112, 903906.
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Abstract
This study explores a new procedure to determine the stress-strain behaviour of SelfCompacting Concrete (SCC) under direct uniaxial tension. Special steel claws were
designed, built and installed at both ends of 100 × 100 × 500 mm SCC specimens.
These claws were used to transfer the applied tensile forces to the specimens. The crosssection of the specimens was reduced in the middle to ensure that failure would occur in
the middle. The specimens were tested at 28 days for direct tensile stress-strain
behaviour as well as for compressive, splitting and flexural strengths. The test results
showed that there was no slippage or fracture at the ends of any of the specimens. Also,
the failure occurred in the middle of specimens, as expected. The direct tensile strength
of the specimens was found to be lower than the splitting and flexural strengths.

Keywords: Self-compacting concrete; uniaxial tension; stress-strain behaviour; strain
rate; direct tensile testing.

2.1 Introduction
The mechanical properties of Self-Compacting Concrete (SCC) have been extensively
studied over past few years (Persson 2001; Holschemacher and Klug 2002;
Holschemacher 2004; EFNARC 2005; Domone 2007). However, only few studies
investigated the direct tensile stress-strain behaviour of the SCC. This is mainly
attributed to the difficult test setup and the proper execution of the experiments. Perfect
alignment, secondary flexure, slippage and high stress-concentration at the ends of
specimen due to gripping are considered the main factors that affect the direct tensile
testing of the concrete (Wee et al. 2000; Mier and Vliet 2002; Swaddiwudhipong et al.
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2003; Choi et al. 2014; Roziere et al. 2015). Accordingly, the direct tensile strength is
usually calculated based on the test results obtained from splitting tensile strength or
flexural strength using conversion factors. However, it was reported that these
conversion factors might not be applicable for SCC (Desnerck et al. 2014).
Understanding the direct tensile stress-strain behaviour of the SCC is significantly
important, as it affects the deflections, cracking, shear and bonding behaviours of
reinforced concrete elements constructed with SCC. This paper proposes a new test
setup to determine the direct tensile testing of the SCC.

2.2 Description of Experimental Program
The mix proportion of the Self-Compacting Concrete (SCC) used in this study is shown
in Table 2.1. The standard mechanical properties including compressive strength,
splitting tensile strength, flexural strength (modulus of rupture) and modulus of
elasticity under compression as well as the uniaxial direct tensile strength of the SCC
were determined. The compressive strength of the concrete was determined by testing
three cylinders of 100 mm in diameter and 200 mm in height according to AS 1012.9
(AS 1012.9 2014). The indirect tensile strength (Brazil or splitting test) of the SCC was
obtained by testing three cylinders of 150 in diameter and 300 mm in height according
to AS 1012.10 (AS 1012.10 2000). The flexural strength (modulus of rupture) of the
specimens was determined by testing three 100 × 100 × 500 mm prisms under four
point loading according to AS 1012.11 (AS 1012.11 2000). The concrete modulus of
elasticity under compression was obtained by testing three cylinders of 150 in diameter
and 300 mm in height according to AS 1012.17 (AS 1012.17 1997). The direct tensile
testing of the SCC specimens was carried out according to the procedure developed in
this study, which has been fully explained below.
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Table 2.1: Mix proportion of the SCC used in this study
Material
Cement
Fly ash
Slag
Fine aggregate
Coarse aggregate
Water
High Range Water Reducer
Water/Powder ratio

Quantity
280 kg/m3
120 kg/m3
50 kg/m3
950 kg/m3
780 kg/m3
182 kg/m3
3.375 l/m3
0.4/1 m3

2.3 Direct Tensile Test Setup and Loading
Wooden boxes of 100 × 100 mm in cross-section and 500 mm in length were used as
formwork for the specimens. Two gripping claws were embedded in both ends of the
box which extend 125 mm in the specimen, as shown in Figure 2.1.

Figure 2.1: Details of direct tensile testing of SCC specimen
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The claws were made from 20 mm diameter threaded rod which had four 8 mm
diameter pins welded at 90 degrees with spacing of 20 mm, as shown in Figure 2.2. In
order to keep the claws level and aligned within the formwork, a washer was welded to
the threaded rod inside the box, whilst a nut and a washer were used on the outside to
dismantle the box formwork. To induce failure in the middle of the specimen, two
pieces of timber triangles with a base of 20 mm and a height of 10 mm were glued
inside the wooden box vertically at the middle on the opposite sides, as shown in
Figures 2.1 and 2.3. In order to test the specimens, the universal Instron testing machine
at the School of Civil, Mining and Environmental Engineering, University of
Wollongong, was used.

Figure 2.2: The claw designed for direct tensile testing of SCC specimen
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Timber Triangles

Figure 2.3: Completed formwork for the casting of the SCC specimens

To successfully apply axial tensile loading in the specimen, two universal joints were
designed to hold the ends of specimens by the machine. The universal joint allows
movement of the specimen at both ends in order to align the specimen vertically
between the jaws of the machine, as shown in Figure 2.4. Also, the joints overcome any
defects in misalignment of the claws during the casting of the specimen. One of the
universal joint ends had a diameter suitable for the gripping jaws of the testing machine,
whilst the other end had a welded nut which could be screwed onto the test specimen
claws. The developed universal joints were used for all the specimens. To ensure
adequate safety, the lower half of the specimen was lightly held in place using a strap to
prevent the sudden fall after failure.
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Figure 2.4: Universal joints designed for direct tensile testing of SCC specimen

Displacement controlled tensile loading have a significant influence on the overall
stress-strain behaviour of the specimen. Yan and Lin (2006) observed that the peak
strain within a sample increased with the increase in the loading rate. The increase in the
applied strain rate also affects the tensile stress, Young’s modulus, Poisson’s ratio and
ultimate strain. In this study, strain rate of 6 × 10−6 𝜀/𝑠 was used to test the specimens.
This rate is within the range of strain rates applied by Yan and Lin (2006) and Chen et
al. (2013). To measure the strain within each specimen, two 120 mm long strain gauges
were attached in the middle on the opposite flat sides.

2.4 Results
As predicted, failure of all specimens occurred in the middle where the cross section
was reduced by 20%, as shown in Figure 2.5. Reduction of the cross-sectional area of
the specimens resulted in increasing the stress in the middle of the specimens, which
induced a consistent failure in the middle. The reduction of the cross-section also
prevented the failure to occur at undesirable locations along the length of the specimen.
No concrete cracking occurred at either end of the specimens, as the designed claws
17

created a strong and evenly distributed bond between the claws and the concrete. In
combination with the universal joints, proper alignments were achieved avoiding end
crushing and slippage.

Figure 2.5: Failure mode of specimens

Table 2 summarises the mechanical properties of the SCC obtained from standard tests
and direct tensile tests. Three specimens were tested to observe the direct tensile stressstrain behaviour of the SCC, as shown in Figure 2.6. The difference between the
maximum and minimum values of the direct tensile strength of the SCC specimens was
5.8%. It was observed that the direct tensile strength of the SCC is less than the flexural
strength (modulus of rupture) and splitting tensile strengths. The average direct tensile
strength of the SCC was found to be 3.5 MPa, while the average flexural strength and
splitting tensile strength were found to be 6.5 MPa and 3.8 MPa, respectively. The
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lower value of the direct tensile strength compared to the splitting and flexural strengths
was similar to the observation reported in Wee et al. (2000) for normal strength
concrete.
Table 2.2: Summary of testing results for SCC
Type of test
Compressive strength (28 days)
Indirect tensile strength (Brazil
or splitting test)
Flexural strength (modulus of
rupture)
Modulus of elasticity
(compressive stress-strain test)
Modulus of elasticity (direct
tensile stress-strain test)
Direct tensile strength

Specimens

Standard tests
AS 1012.9 (2014)

S1
56.5

AS 1012.10 (2000)

3.7

AS1012.11 (2000)

6

6.39

7.1

6.5 MPa

AS 1012.17 (1997)

29.5

30

31

30 GPa

19.5 20.4
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20 GPa

3.4

3.6

3.5 MPa

Procedure developed
in this study
Procedure developed
in this study

S2
57

S3
-

Average
result
57 MPa

3.78 3.87 3.8 MPa

3.49

Figure 2.6: Direct tensile stress-strain behaviour of the SCC specimens

The direct tensile strength of the SCC specimens tested based on the designed and
developed test setup was approximately equal to 90 percent of the splitting tensile
strength, which is consistent with AS 3600 (AS 3600 2009) and EC 2 (2004). The
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average result of the direct tensile strength was also compared with the model in CEBFIB (2010). The experimental direct tensile strength of the SCC was within the limits
specified in the CEB-FIB (2010). The predicted value of the direct tensile strength
according to CEB-FIB (2010) was found to be only 0.5 MPa higher than the
experimental value. It is noted that the main objective of this paper is to develop a test
procedure to determine the stress-strain behaviour of the SCC under direct uniaxial
tension. The development of correlation equations for the direct tensile strength of
different types of SCC is beyond the scope of this paper.

The modulus of elasticity of the SCC was calculated using the slope of direct tensile
stress-strain curves, Figure 2.6. The average modulus of elasticity in direct tension was
found to be 20 GPa, which was equal to the two-thirds of the modulus of elasticity in
compression. The average maximum direct tensile load carried by the specimens was 28
kN with corresponding axial deformation of 1.24 mm, as shown in Figure 2.7.

Figure 2.7: Axial load-axial deformation behaviour of the SCC specimens under
uniaxial tension
20

2.5 Conclusions
The following conclusions can be drawn from the results of the experimental program
carried out in this study on the direct tensile testing of the Self-Compacting Concrete
(SCC). First, the designed and developed experimental setup was adequate in ensuring
that specimens failed in the middle where the cross-sectional area was reduced by 20%.
Second, due to adequate gripping, slippage and flexural induced cracking did not occur
during loading. Third, the average direct tensile strength of the SCC was found to be
less than the average flexural strength (modulus of rupture) and splitting tensile
strength. Similarly, the modulus of elasticity in direct tension was found to be twothirds of the modulus of elasticity in compression. Finally, the developed procedure for
applying direct tensile strength to the SCC was found to be effective and efficient.
Further research is needed to apply the developed procedure to determine the direct
tensile strength of other types of concrete.

21

References
AS (Australian Standard). (2009). "Concrete structure." AS 3600-2009, Sydney, NSW,
Australia.
AS (Australian Standards). (1997). "Methods of testing concrete – Method 17:
Determination of the static chord modulus of elasticity and Poisson’s ratio of
concrete specimens." AS 1012.17-1997, Sydney, NSW, Australia.
AS (Australian Standards). (2000a), "Methods of testing concrete – Method 10:
determination of indirect tensile strength of concrete cylinders (‘Brazil’ or
splitting test)." AS 1012.10-2000, Sydney, NSW, Australia.
AS (Australian Standards). (2000b). "Methods of testing concrete – Method 11:
determination of the modulus of rupture." AS 1012.11-2000, Sydney, NSW,
Australia.
AS (Australian Standards). (2014). "Methods of testing concrete – Method 9:
determination of the compressive strength of concrete specimens." AS 1012.92014, Sydney, NSW, Australia.
Aslani, F., and Nejadi, S. (2012). "Mechanical properties of conventional and selfcompacting concrete: An analytical study." Construction and Building
Materials, 36, 330-347.
CEB-FIB (2010). Bulletin 55-Model Code 2010-First completed draft, CEB-FIP, 1, p.
292.
Chen, X., Wu, S., Zhou, J., Chen, Y., and Qin, A. (2013). "Effect of testing method and
strain rate on stress-strain behavior of concrete." Journal of Materials in Civil
Engineering, 25(11), 1752-1761.

22

Choi, S., Yang, K., Sim, J., and Choi, B. (2014). "Direct tensile strength of lightweight
concrete with different specimen depths and aggregate sizes." Construction and
Building Materials, 63, 132–141.
Desnerck, P., Boel, V., Craeye, B., and Itterbeeck, P. V. (2014). "Mechanical properties
of self-compacting concrete." in K Khayat and G De Schutter (eds.), State-ofthe-Art Report of RILEM Technical Committee 228-MPS, Springer, pp.15-71.
Domone, P. (2007). "A review of the hardened mechanical properties of selfcompacting concrete." Cement and Concrete Composites, 29(1), 1-12.
EC 2 (Eurocode). (2004). "Design of concrete structures." European Committee for
Standardization, EN 1992-1-1: Part 1-1, p.225.
EFNARC (European Federation of Specialist Construction Chemicals and Concrete
Systems). (2005). "The European guidelines for self-compacting concrete
specification, production and use." Farnham, U.K., 1-63.
Holschemacher, K. (2004). "Hardened material properties of self-compacting concrete."
Journal of Civil Engineering and Management, 10(4), 261-266.
Holschemacher, K. and Klug, Y. (2002). "A database for the evaluation of hardened
properties of SCC." Lacer, 7, 123-134.
Persson, B. (2001). "A comparison between mechanical properties of self-compacting
concrete and the corresponding properties of normal concrete." Cement and
Concrete Research, 31(2), 193-198.
Roziere, E., Cortas, R., and Loukili, A. (2015). "Tensile behaviour of early age
concrete: New methods of investigation." Cement and Concrete Composites, 55,
153-161.

23

Swaddiwudhipong, S., Lu, H., and Wee, T. (2003). "Direct tension test and tensile strain
capacity of concrete at early age." Cement and Concrete Research, 33(12),
2077-2084.
Van Mier, J., and Van Vliet, M. (2002). "Uniaxial tension test for the determination of
fracture parameters of concrete: State of the art." Engineering Fracture
Mechanics, 69(2), 235-247.
Wee, T., Lu, H., and Swaddiwudhipong, S. (2000). "Tensile strain capacity of concrete
under various states of stress." Magazine of Concrete Research, 52(3), 185-193.
Yan, D., and Lin, G. (2006). "Dynamic properties of concrete in direct tension." Cement
and Concrete Research, 36, 1371–1378.

24

CHAPTER 3: A NEW METHOD FOR DIRECT TENSILE TESTING
OF CONCRETE

Summary
Chapter three extends the procedure of the direct tensile test developed for selfcompacting concrete (SCC) in Chapter two to other types of concrete. Based on the
developed method for the direct tensile strength of the SCC, this chapter determines the
direct tensile strength of normal strength concrete (NSC), high-strength concrete (HSC)
and steel fibre reinforced high-strength concrete (SFHSC). This chapter presents a
description of the previous investigations on the direct tensile strength of concrete.
Besides, the properties of SCC in fresh state and hardened state were investigated. The
fresh SCC properties conform to the specifications of the American Society for Testing
and Materials (ASTM methods). The direct tensile strength and mechanical properties
of SCC were compared with the direct tensile strength and mechanical properties of
NSC, HSC and SFHSC.
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Abstract
Different testing methods were used in previous studies to measure the direct tensile
strength of concrete. However, these methods experienced several major deficiencies
such as stress concentration at the end of the specimens due to inadequate gripping and
loading eccentricity and non-uniform fracture plane due to difficulties in aligning and
centring the specimens during testing. This study presents the details of a new method
of testing concrete under uniaxial tension. The method was developed to overcome the
difficulties associated with testing methods adopted in the previous research studies. A
full description of the wooden moulds used in casting the specimens and the loading
arrangements including the end grips, universal joints and frame in which the specimens
were tested under uniaxial tension are presented. As expected, all the tested specimens
were fractured at the middle where the cross-sectional area was reduced by 20%. Also,
no crushing failure or slippage was observed at the ends of the tested specimens.

Keywords: Direct tensile testing; concrete; uniaxial tension; stress-strain behaviour;
strain rate.

3.1 Introduction
Tensile strength is one of the critical properties of concrete, because it influences the
cracking, bonding and shear behaviours of reinforced concrete members. Many research
studies attempted to use direct tensile, indirect tensile (splitting tensile) and flexural
testing methods to investigate the properties of concrete under tension. However, it was
reported that the direct tensile testing method provides more reliable and rational
uniaxial tensile strength of concrete compared to the splitting tensile and flexural testing
methods (Swaddiwudhipong et al. 2003; Choi et al. 2014).
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The correlations between the direct tensile strength and the compressive, flexural and
splitting tensile strength were investigated in several research studies. Wee et al. (200)
carried out an experimental study to investigate the tensile strength of concrete. It was
found that the tensile strength of the concrete was about 5.5-8.5% of the compressive
strength of concrete. It was also found that the tensile strength of concrete obtained
from the direct tensile testing was two-thirds of the flexural strength of the concrete.
Swaddiwudhipong et al. (2003) studied the tensile behaviour of concrete at early ages. It
was found that with curing age the direct tensile strength of the concrete increases at a
lower rate compared to the compressive strength. Wu et al. (2012) conducted
experimental investigations on the tensile strength of the concrete under static and
intermediate strain rate using three different testing methods: direct tensile, splitting
tensile and flexural testing methods. It was reported that specimens tested under flexural
loads obtained greater tensile strength than the specimens tested under direct tensile and
splitting tensile loads. Choi et al. (2014) performed a direct tensile testing on
lightweight concrete specimens with different dimensions (lateral depth) and aggregate
sizes. It was reported that the effect of the size of the tested specimens on the direct
tensile strength of the concrete became greater with a decrease in the unit weight of the
concrete. Also, it was observed that the effect of the aggregate interlocking capacity on
the tensile strength of the concrete slightly increased with an increase in the lateral
depth of the tested specimen. The influence of the end grips of the specimens on the
tensile strength of concrete was investigated in Li et al. (1993), Wille et al. (2014) and
Zijl et al. (2016). It was reported that rotational and non-rotational end conditions
influence the crack formation and strain distribution in the cross-section of the tested
specimens (2007).
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Different methods were adopted to determine the direct tensile strength of the concrete
in the previous studies. Based on the techniques used in gripping the specimen in the
testing machine, four main direct tensile testing methods were identified: direct tensile
test using truncated cone concrete samples (1968), direct tensile testing using embedded
steel bars (1989), direct tensile testing by gluing gripping technique (1994) and direct
tensile test by means of lateral gripping (1997). However, the above methods suffered
several technical deficiencies including non-uniform fracture plane, stress concentration
and slippage at the end of the specimens and flexural loads due to the imperfect
alignment of the specimen during testing. As a result of the aforementioned problems
associated with direct tensile testing methods, the tensile strength of the concrete has
been mainly measured using the splitting tensile testing method and flexural testing
method.

In this study, a new direct tensile testing method was designed, based on the embedded
bar method, considering the following requirements:

1. The testing arrangements need to be suitable for different types of concrete;
2. The tensile load must be perfectly axial in order to obtain a uniform stress across the
specimen section;
3. The end grips need to be simple and easy to fix to avoid the stress concentration and
the failure due to fracture at the ends of the specimens;
4. The strain-measurement system has to be steady during the test; and
5. The cost of preparing the specimens should not be high.
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The feasibility of using the developed method in testing concrete samples under uniaxial
tension was assessed through testing different types of concrete samples: normalstrength concrete (NSC), high-strength concrete (HSC), self-consolidating concrete
(SCC) and steel fibre reinforced high-strength concrete (SFHSC) having compressive
strengths ranging between 39 and 93 MPa. The developed method of preparing and
testing the concrete specimens makes the direct tensile testing of the concrete more
reliable and cost-effective.

3.2 Description of the Developed Direct Tensile Testing Method
3.2.1 Formwork and Embedded Threaded Rod
Moulds of 100 mm × 100 mm in cross-section and 500 mm in length made from nonabsorbing wood were used as formwork for the tested specimens (Figure 3.1). The
cross-section of each specimen was reduced at the middle to 80 mm × 100 mm in order
to induce the failure to occur in the middle of the tested specimen. The reduced crosssection at the middle of each specimen was achieved by gluing two timber prisms
vertically at the middle of the inner faces of the 100 × 500 mm (long) sides of the
wooden moulds. The timber prisms were 100 mm long having a triangular cross-section
with a base of 20 mm and a height of 10 mm (Figure 3.1).

A couple of threaded steel rods were embedded at the ends of each specimen to be used
as grips for the specimens. The embedded threaded steel rods were 20 mm in diameter
and 200 mm in length and were embedded inside the specimen for a distance of 125 mm
(Figure 3.1). In order to reduce the stress concentration at the ends of the tested
specimens and to increase the bond between the embedded threaded steel rods and the
concrete, four steel pins of 8 mm in diameter and 30 mm in length were welded at each
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threaded rod. The steel pins were spaced at 20 mm from the tip of the threaded steel rod
(located inside the tested specimens) and the steel pins were welded in a way that the
angles between the steel pins were 90 degree (Figure 3.1). In order to align the
embedded threaded steel rods in the centre of the tested specimens, two holes of 20 mm
diameter were drilled in the 100 × 100 mm sides (ends) of the wooden molds. Besides,
a washer was welded to the threaded rod from the inside of the wooden moulds and a
nut and a washer were used on the outside to fix the threaded steel rods to the ends of
the wooden moulds. The nuts and the washers further ensured a perfect alignment of the
embedded threaded steel rods within the wooden moulds (Figure 3.1). The completed
formwork with the embedded threaded steel rods of the tested specimens is shown in
Figure 3.2.
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Triangular Prisms
∅ 20 Hole
Washer & Nut
Welded Washer
Steel Pins

Embedded Threaded
Steel Rod

Wooden Mould
* All dimensions are in mm

Figure 3.1: Wooden mould and embedded threaded steel rod
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Embedded threaded steel rods

Timber triangular prisms

Figure 3.2: Completed formwork with the embedded threaded steel rods of the tested
specimens
3.2.2 Universal Joints
The tested specimens were mounted to the testing machine using a couple of reusable
universal steel joints manufactured at the University of Wollongong, Australia. The
schematic of the universal joints is presented in Figure 3.3. Each universal joint
consisted of two main parts: eye terminal and toggle terminal. One end of the eye
terminal of each universal joint had a ∅30 mm steel rod to be gripped by using the jaw
of the 500 kN Instron testing machine, whereas the other end had a ∅18 mm hole. The
toggle terminal of each universal joint consisted of two main components: clevis holder
and clevis. One end of the clevis holder had a ∅18 mm hole and the other end was
fabricated to hold the clevis. Also, the clevis of the toggle terminal had two different
ends: one end had a fixed pin to be held by using the clevis holder and the other end had
a ∅16 mm threaded rod.
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Figure 3.3: Schematic of the universal joint
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The eye terminal and the toggle terminal of each universal joint were connected to each
other thorough ∅18 mm holes using a ∅16 mm steel pin (Figure 3.3). For each universal
joint, the threaded rod end of the clevis was screwed onto the threaded steel rod
embedded in the end of the specimen using a ∅20 mm to ∅16 mm reduced nut. In order
to avoid any loose connection in the reduced nut, a locked nut was used to hold the
reduced nut firm during the test. The universal joints were used to avoid any bending
moments that might be experienced by the specimens during testing as a result of an
eccentricity in the applied load. This is because the universal joints allowed movement
at both ends of each tested specimen (Figure 3.4), which ensured a perfect alignment for
the specimen between the jaws of the Instron testing machine. Moreover, the universal
joints overcame any defects in misalignment of the threaded steel rods that might occur
during the casting of the specimen.

3.2.3 Strain Rate and Strain Measurement
Concrete is considered a sensitive material to the applied strain rate. Considerable
efforts have been dedicated in the previous research studies to investigate the effect of
the strain rate on the tensile properties of the concrete under uniaxial tension. Kӧrmeling
and Reinhardt (1987) studied the effect of strain rate on the fracture energy and the
tensile strength of concrete specimens with and without steel fibres. It was observed that
using high strain rates in testing the specimens resulted in a substantial increase in the
fracture energy and the tensile strength of the plain and the steel fibre reinforced
concrete specimens. Yan and Lin (2006) carried out an experimental investigation on
the strain rate dependent response of the concrete in tension. Strain rate of
10−5 ε⁄s to 10−0.3 ε⁄s was used in testing the concrete specimens. It was observed that
the strain rate influenced the direct tensile strength of the concrete more than it
34

influenced the modulus of elasticity. Chen et al. (2013) investigated the effect of four
different strain rates (10−6 ε⁄s, 10−5 ε⁄s, 10−4 ε⁄s, 10−3 ε⁄s) on the direct tensile
strength of the concrete. It was found that the peak stresses decrease with the decrease
in the strain rate. In this study, the strain rate used in testing all the specimens was 6 ×
10−6 ε⁄s, which is considered within the intermediate strain rates suitable for testing of
concrete under uniaxial tension (Chen et al. 2013).

Joint A

Joint A

Rotation
about the Joint B
x-axis

Joint B

Rotation
about the
z-axis

y
z

x

Each universal joint provides two degrees of freedom: rotation
about the x-axis (Joint A) and rotation about the z-axis (Joint B)

Figure 3.4: Universal joint designed for direct tensile testing of all specimens
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Concrete strain gauges with a length ranging between 30 mm to 120 mm were used in
the previous research studies to measure the axial tension strain in the tested specimens
[Swaddiwudhipong et al. 2003; Wu et al. 2012; Reinhardt et al. 1986). Short strain
gauges are considered more susceptible to several forms of measurement errors
especially error caused by the open cracks distributed along the face of the monitored
material where those strain gauges attached. Hence, strain gauges with a long sensor
length are need for inhomogeneous materials such as concrete (Glisic 2011). In this
study, two concrete strain gauges of 120 mm length were attached at the middle of long
non-notched sides of the tested specimens to measure the axial tension strain during the
tests (Figure 3.5).

Strap

Concrete
strain gauge

Notch in
the concrete
sample

Figure 3.5: Schematic setup of the tested specimen
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3.3 Specimen Preparation and Testing Setup
A total of 12 concrete specimens were cast and tested under uniaxial tension in order to
validate the direct tensile testing method developed in this study. Four different types of
concrete were used in casting the tested specimens: normal-strength concrete (NSC);
high-strength concrete (HSC), self-consolidating concrete (SCC) and steel fibre
reinforced high-strength concrete (SFHSC). Three specimens (S1, S2 and S3) were
tested for each type of concrete. The ready mixes of NSC, HSC and SCC were provided
by a local concrete company. The mix proportions of the NSC, HSC and SCC mixes are
presented in Table 3.1. The SFHSC was prepared using a small lab concrete mixer
having the maximum volume capacity of 0.2 m3. The HSC ready mix, provided by a
local company, was firstly placed in the lab mixer and then brass coated steel fibres with
1% by volume were added gradually inside the HSC mix. The steel fibres were straight
in shape with 0.2 mm diameter and 13 mm length (aspect ratio = 65) having maximum
tensile strength of 2500 MPa (Hasan et al. 2017). The maximum size of the aggregate
used in the NSC, HSC, SCC and SFHSC was 10 mm. For NSC, HSC and SFHSC
specimens, the concrete was placed into the formwork in two stages. After each stage,
concrete was vibrated using an electrical concrete vibrator. No vibration was needed for
the SCC specimens.

The properties of fresh SCC were tested according to ASTM C1610-14 (ASTM 2014d);
ASTM C1611-14 (ASTM 2014c) and ASTM C1621-14 (ASTM 2014b); and the results
were found to be satisfactory. The standard mechanical properties including
compressive strength, splitting tensile strength, flexural strength, direct tensile strength
and the modulus of elasticity of the NSC, HSC, SCC and SFHSC were determined. The
compressive strengths of the concrete were determined by testing three 100 mm × 200
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mm cylinder-specimens according to ASTM C39 (ASTM 2016a). The splitting tensile
strengths of the concrete were determined by testing three 150 mm × 300 mm cylinderspecimens according and ASTM C496 (ASTM 2011). The flexural strengths of the
concrete were determined by testing three 100 × 100 × 500 mm beam-specimens with
third-point loading according to ASTM C78 (ASTM 2016b). The direct tensile strength
and the modulus of elasticity of the concrete in tension were determined from the tensile
stress-strain behaviour of three specimens tested by using the direct tensile testing
method developed in this study. The modulus of elasticity of the concrete in
compression was determined from the slope of the stress-strain behaviour obtained from
testing three 150 mm × 300 mm cylinder-specimens under axial compression according
to ASTM C469 (ASTM 2014a).

The universal Instron testing machine at the laboratory of School of Civil, Mining and
Environmental Engineering, University of Wollongong, Australia was used in testing
the specimens under uniaxial tension. First, the universal joints were fixed to the
embedded threaded steel rods of the tested specimen. Afterwards, the specimens were
mounted to the Instron testing machine. During the tests, a strap was used to slightly
hold the lower part of tested specimens in order to avoid any sudden fall of any part of
the specimen during the fracture of the specimen (Figure 3.5). Figure 3.6 shows a
typical testing setup of the tested specimens.

38

Table 3.1: Mix proportions of the concrete used in this study
a

Steel
fibre
content
(%)

Cement
(kg/m3)

Fly ash
(kg/m3)

Slag
(kg/m3)

Silica fume
(kg/m3)

Sand
(kg/m3)

Coarse aggregate
(kg/m3)

Water
(kg/m3)

HRWR
(l/m3)

Normal-strength concrete

350

-

-

-

850

1000

185

-

---

High-strength concrete

576

64

-

30

540

990

197

6

---

Steel fibre high-strength
concrete

576

64

-

30

540

990

197

6

1

Self-consolidating concrete

280

120

50

-

950

780

182

3.4

---

Mix

a

HRWR: High range water reducer
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Figure 3.6: Typical test setup for direct tensile testing of concrete
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3.4 Results and Discussion
3.4.1 Failure Modes
All the tested specimens fractured once the specimens reached their maximum tensile
strength. The fracture occurred in the middle of each specimen where the crosssectional area of the specimens was reduced by 20%. Figure 3.7 shows the failure
modes of the tested specimens. The reduced cross-sectional area in the middle of the
specimens prevented the fracture to occur at undesirable locations along the length of
the specimens. Furthermore, the reduced cross-sectional area contributed in
concentrating the stresses in the middle of the specimens resulting in a uniform fracture
plane at this location. None of the tested specimens experienced either a slippage or a
crushing failure at the ends, which was an indication that the embedded threaded steel
rods provided a strong and evenly distributed bond with the surrounding concrete.
Moreover, no secondary flexural-related failure was observed, confirming that proper
alignment was provided by the universal joints.
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NSC

HSC

SCC

SFHSC

Figure 3.7: Failure modes of the tested specimens: (a) NSC, (b) HSC, (c) SCC and (d)
SFHSC

3.4.2 Stress-Strain Behaviour of Tested Specimens
In this study, the axial tensile stress for the tested specimens was determined from
dividing the axial tensile load recorded by the load cell of the Instron testing machine by
the reduced cross-sectional area (80 × 100 mm) of the specimens. Two strain gauges
were attached at the middle of long non-notched sides of each tested specimen to
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measure the axial tensile strain. Figure 3.8 presents the elastic phase of the stress-strain
behaviour of the SCC specimen (S1), in which the axial strains were recorded by the
two strain gauges attached on both sides of the SCC specimen (S1). Since the strain
gauges were not able to provide accurate readings after the specimens were fractured in
the middle (notched zone), especially for SFHSC specimens, the stress-strain
behaviours of the specimens were drawn, based on strain gauge readings, until the
fracture occurred. Afterwards, the axial strains were calculated by dividing the axial
deformation captured by the Instron testing machine by the overall length of the tested
specimens in order to draw the post-fracture behaviour of the tested specimens. It is
noted that the proposed testing configuration in a servo-hydraulic testing system with
closed loop may reasonably capture the post-cracking stress-strain behaviour of the
concrete.

4.5
4

Axial stress (MPa)

3.5

3
2.5
SG1

2

SG1 reading

SG2

SG2 reading

1.5
1
SG=Strain gauge

0.5
0
0

0.005

0.01
Axial strain (%)

0.015

0.02

Figure 3.8: Elastic phase of the stress-strain behaviour of the SCC specimen (S1)
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Figure 3.9 shows the stress-strain behaviour of the tested specimens under uniaxial
tension. All the tested specimens experienced an almost linear stress-strain behaviour up
to the peak stress. Similar observations were reported in Ref. (Chen et al. 2013; Wille et
al. 2014). After the peak stress, the NSC, HSC and SCC specimens (plain concrete)
failed immediately once they reached their peak tensile stresses. The immediate failure
of the plain concrete specimens under uniaxial tension was attributed to the complete
fracture failure exhibited by the tested specimens in the middle. As expected, the
fracture failure occurred at the weakest section (notched zone) of the tested specimens.
On the other hand, the failure of the SFHSC specimen started with a partial crack in the
middle of the specimens which resulted in a drop of about 50% of the peak tensile stress
followed by a gradual reduction in the stress-strain behaviour until failure. Similar
stress-strain behaviour was reported for SFHSC in Ref. (Kӧrmeling and Reinhardt 1987;
Wille et al. 2014; Mobasher et al. 2014).
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(b) High-strength concrete (HSC)

(a) Normal-strength concrete (NSC)

(d) Steel fibre reinforced high-strength concrete (SFHSC)

(c) Self-consolidating concrete (SCC)

Figure 3.9: Uniaxial tensile stress-strain behaviour: (a) NSC, (b) HSC, (c) SCC and (d) SFHSC
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3.4.3 Comparison of the Test Results
The experimentally obtained values of direct tensile strengths for NSC, HSC, SCC, and
SFHSC were evaluated in order to assess the precision of the developed direct tensile
testing method. Table 3.2 summarizes the mechanical properties of NSC, HSC, SCC
and SFHSC including the compressive strength, splitting tensile strength, flexural
strength, direct tensile strength and the modulus of elasticity.

The modulus of elasticity of the NSC, HSC, SCC and SFHSC was determined from the
slope of the stress-strain behaviour of the specimens in tension and compression as
mentioned earlier. It was observed that the modulus of elasticity of the NSC, HSC, SCC
and SFHSC in tension was about 73%, 55%, 67% and 57% of the modulus of elasticity
of the NSC, HSC, SCC and SFHSC in compression, respectively.

The compressive, splitting and the flexural strengths were obtained using standard
concrete tests (ASTM 2016a; ASTM 2011; ASTM 2016b), whereas the direct tensile
strength of the concrete was obtained using the testing method developed in this study.
The average direct tensile strength for the NSC, HSC, SCC and SFHSC obtained using
the developed direct tensile testing method were found to be 3.19, 3.5, 3.5 and 4.1 MPa,
respectively. The average direct tensile strengths of the tested specimens were found to
be less than the corresponding average splitting tensile and flexural strengths. The
average direct tensile strength of NSC, HSC, SCC and SFHSC specimens were found to
be 10%, 33%, 8% and 36% less than the average splitting tensile strengths of NSC,
HSC, SCC and SFHSC, respectively.
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Table 3.2: Test results for NSC, HSC, SCC and SFHSC specimens

Type of test
Compressive
strength (MPa)
Splitting tensile
strength (MPa)
Flexural
strength (MPa)
Direct tensile
strength (MPa)
Modulus of
elasticity
(compression)
(GPa)
Modulus of
elasticity
(direct tension)
(GPa)

Standard
tests
ASTM
C39-2016a
ASTM
C496-2011
ASTM
C78-2016b
Developed
method

Normal-strength concrete
(NSC)
S1
S2
S3
Ave
39

38.5

39.5

39

3.56

3.65

3.42

4.2

4.37

3.08

ASTM
C4692014a
Developed
method

Tested specimens for different types of concrete
High-strength concrete
Self-consolidating
(HSC)
concrete (SCC)
S1
S2
S3
Ave
S1
S2
S3
Ave

Steel fibre high-strength
concrete (SFHSC)
S1
S2
S3
Ave

82.8 86.6

85.5

85

56.5

57

-

57

92.3

94.7

91.2

93

3.54

5.4

5.3

4.8

5.2

3.7

3.78

3.87

3.8

6.8

6.2

6.1

6.4

4.31

4.3

6.2

6.8

6.1

6.0

6.0

6.39

7.1

6.5

6.9

6.8

7.2

6.9

3.29

3.2

3.19

3.6

3.3

3.5

3.5

3.4

3.49

3.6

3.5

4.1

4.0

4.3

4.1

30.5

31

30

30.5

40.5 39.3

38.5

39

29.5

30

31

30

42

39.8

41

41

21

22.4

23.5

22.3

21.4 21.8

21.6

21.6

19.5

20.4

21

20

21.9

23.5

24.7

23.4
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In addition, The average direct tensile strength of NSC, HSC, SCC and SFHSC
specimens were found to be 26%, 42%, 46% and 41% less than the average flexural
strengths of NSC, HSC, SCC and SFHSC, respectively. The difference between the
direct tensile strength and the tensile strengths obtained from the splitting tensile and
flexural strengths might be attributed to the distribution of tensile stresses at the failure
plane.

The average direct tensile strength of the NSC specimen was equal to 90% of the
splitting tensile strength, which is consistent with AS 3600 (AS 2009) and EC 2 (2004).
Similarly, the average direct tensile strength of the SCC specimens was approximately
equal to 90% of the splitting tensile strength (Alhussainy et al. 2016). In addition, the
average direct tensile strength of the HSC and SFHSC, obtained using the developed
direct tensile testing method, were found to be close to the direct tensile strengths
reported in the previous studies (Kӧrmeling and Reinhardt 1987; Marzouk and Chen
1995; Ren et al. 2008; Hasan et al. 2016).

According to AS 3600 (AS 2009), the direct tensile strength of the concrete is
calculated as 60% of the flexural strength of the concrete. The average direct tensile
strength of NSC, HSC, SCC and SFHSC, obtained using the developed direct tensile
testing method, were compared to that calculated from flexural strength according to AS
3600 (AS 2009). The ratio of the calculated to the experimental results of the direct
tensile strength for NSC, HSC, SCC and SFHSC specimens were found to be 0.8, 1.0,
1.1 and 1.0, respectively.
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The previous testing procedures for concrete under uniaxial tension were complicated.
Besides, a considerable number of the experimental data reported in some previous
research studies for the direct tensile strength of concrete were found to be unreliable
due to the technical complicacies related to the testing procedure. However, the direct
tensile testing method developed in this study provides rational and reliable results for
the direct tensile strength of the NSC, SCC, HSC and SFHSC using a simple and an
effective testing technique.

3.5 Conclusions
1. The developed direct tensile testing method was found to be efficient in ensuring that
the fracture occurred in the middle of each specimen where the cross-sectional area
was reduced by 20%.
2. Due to the use of an adequate gripping technique (embedded threaded steel rods),
none of the tested specimens experienced slippage or crushing failure at the ends.
3. Due to the proper alignment provided by the universal joints, no secondary flexuralrelated failure occurred in the tested specimens.
4. The average direct tensile strengths of the tested specimens were found to be less than
the average flexural strength and splitting tensile strength.
5. All tested specimens showed linear stress-strain behaviours under uniaxial tension
almost up to the peak stress. The NSC, HSC and SCC specimens (plain concrete)
failed immediately once the tensile stress peak was reached. However, the failure of
the SFHSC specimen started with a partial crack in the middle of the specimens
which resulted in a drop in the tensile peak stress by about 50%.
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6. The developed procedure provided rational and reliable results for the direct tensile
strength of the NSC, SCC, HSC and SFHSC using a simple and an effective testing
technique.
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CHAPTER 4: BEHAVIOUR OF SMALL DIAMETER STEEL
TUBES UNDER AXIAL COMPRESSION

Summary
This chapter presents the behaviour of small diameter steel tubes under axial
compression. The effect of unsupported length to the outside diameter (𝐿/𝐷) ratio on
the axial compressive behaviour of small diameter steel tubes was investigated.
Galvanized and cold-formed steel tube specimens with 𝐿/𝐷 ratio of 2 to 12 were tested.
The details of the experimental study including the design of experiments, preparation
and testing, failure modes and behaviour of the specimens under concentric axial load
were presented in this chapter. The results of this study are used in explaining the
buckling behaviour of self-compacting concrete columns reinforced with small diameter
steel tubes.

In order to compare the behaviour of unfilled small diameter steel tubes with the
behaviour of concrete-filled small diameter steel tubes under axial compression, the
next chapter (Chapter 5) experimentally explores the behaviour of small diameter selfcompacting concrete-filled steel tubes under axial compression.

Citation
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Abstract
Small diameter steel tubes are used in many civil engineering applications. Recently, the
behaviour of concrete columns reinforced with small diameter steel tubes was
experimentally and analytically investigated. This study explores the effect of
unsupported length to the outside diameter (𝐿/𝐷) ratio on the axial compressive
behaviour of small diameter steel tubes, which has not yet been adequately investigated.
Galvanized and cold-formed steel tube specimens with 𝐿/𝐷 ratio of 2 to 12 were tested.
It was observed that for specimens with 𝐿/𝐷 ratio of 2 and 4, the compressive failure
occurred due to local elephant’s foot buckling. However, the compressive failure mode
changed to global buckling for specimens with 𝐿/𝐷 ratio ≥ 6. The ultimate compressive
strength was found to be lower than the ultimate tensile strength for specimens with
𝐿/𝐷 ratio ≥ 6.

Keywords: Steel tube; axial tension; axial compression; length to outside diameter
ratio; stress-strain behaviour.

4.1 Introduction
Steel tubes are widely used in different structural applications and are subjected to
different types of loading (An et al. 2015; Zheng et al. 2016). Circular steel tubes are
used for the construction of concrete filled steel tube columns and double skin columns,
as the steel tube provides a uniform hoop stress (Schneider 1998). Recently, Hadi et al.
(2017) used small diameter steel tubes (33.7 mm and 26.9 mm) in lieu of solid steel bars
as the main reinforcement in circular reinforced concrete columns. The innovative use
of small diameter steel tubes in reinforcing concrete columns was found to be
significantly effective, considering the axial load carrying capacity and ductility of the
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reinforced concrete columns (Hadi et al. 2017). Small diameter steel tubes are also used
in the construction of garage sheds, covered walkways, and pedestrian bridges. The
radius of gyration (𝑟) of a steel tube section is significantly higher than the radius of
gyration of a solid steel section with similar cross-sectional area. Hence, the slenderness
ratio (𝐿/𝑟 ratio, where 𝐿 is the length of the tube and 𝑟 is the radius of gyration) of the
steel tube section is much lower than the slenderness ratio of solid steel sections. The
lower 𝐿/𝑟 ratio of the steel tube results in a higher axial load carrying capacity
compared to axial load carrying capacity of solid steel section with the same effective
length. In addition, a decrease in the 𝐿/𝑟 ratio of the steel tube increases the axial load
carrying capacity of the tube (Rasmussen and Hancock 1993). The failure modes (local
buckling and global buckling) of steel tubes are influenced by the diameter to thickness
(𝐷/𝑡) ratio and length to diameter (𝐿/𝐷) ratio. The 𝐷/𝑡 ratio influences the local
buckling and the 𝐿/𝐷 ratio influences the global buckling. Steel tubes with larger 𝐷 and
smaller 𝑡 tend to be more sensitive to local buckling, while steel tubes with larger 𝐿 and
smaller 𝐷 tend to be more sensitive to global buckling.

Design standards specify limits on the 𝐷/𝑡 ratio to prevent local buckling of steel tubes
(European Standard Eurocode 4 2004; American Standard ANSI/AISC 360-10 2010;
Canadian Standard CAN/CSA S16-09 2009). Zhao (2000) investigated very high
strength circular tubes (ultimate tensile strength = 1500 MPa, outside diameter ranged
from 31.97 mm to 38.31 mm and thickness ranged from 1.53 mm to 1.99 mm) under
axial compression with different 𝐷/𝑡 ratio and compared the compressive strength with
tensile strength. It was found that an increase in the 𝐷/𝑡 ratio reduced the section
capacity (= tensile yield stress × cross-section area) due to the local buckling of the steel
tubes. Sohal and Chen (1987) reported that the local buckling influenced the maximum
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compressive strength of steel tubes with 𝐷/𝑡 ratio ≥ 36. Teng and Hu (2007) observed
that the failure mode of steel tubes with small 𝐷/𝑡 ratio was outward buckling around
the circumference. This local buckling failure occurred at one end of the steel tube,
which is commonly known as the elephant’s foot buckling. Only a limited number of
studies, however, investigated the behaviour of steel tubes (mostly outside diameter
larger than 500 mm) under axial compression with different 𝐿/𝐷 ratios of 0.5, 1.0, 2.36
and 3.0 (Murray 1997).

The 𝐿/𝐷 ratio of steel tubes is an important parameter, as it significantly influences the
stability and global buckling of steel tubes. Steel tubes with a large 𝐿/𝐷 ratio causes
global buckling before any significant yielding in the steel tube. For solid steel bars, the
ultimate strength and ductility under axial compression decrease with the increase in the
𝐿/𝐷 ratio (Mau and El-Mabsout 1990). Hence, in the structural applications, to avoid
global buckling of steel bars, the 𝐿/𝐷 ratio is kept limited to 6 (Mau and El-Mabsout
1990; Bayrak and Sheikh 2001; Bae et al. 2005), for which the behaviour under axial
tension and compression is similar. The effect of increased 𝐿/𝐷 ratio on the stability of
steel tubes is significantly important, especially when the 𝐷/𝑡 ratio is not critical for
local buckling. Although the design standards (Eurocode 4-1-1 2004; Canadian
Standards Association 2009; American Institute of Steel Construction 2010) specify
factors to reduce the axial compression capacity of steel tubes with large 𝐿/𝐷 ratio, the
design standards are not specifically intended for the small diameter of steel tubes. The
Eurocode 4-1-2 (2005) specifies a minimum diameter of 160 mm for steel tubes, while
the other design standards do not specify the limits for the minimum diameter of steel
tubes. When the small diameter steel tube is used, the effect of 𝐿/𝐷 ratio on the
reduction of the axial load carrying capacity and ductility becomes more significant.
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Steel tube with a large 𝐿/𝐷 ratio may not reach the plastic axial compressive strength
and may fail due to global buckling. However, the investigation on effect of 𝐿/𝐷 ratio
on the behaviour of small diameter steel tubes under axial compression is very limited.

This study explores the effect of 𝐿/𝐷 ratio on the behaviour of galvanized and coldformed small diameter steel tubes under axial compression. The failure modes of small
diameter steel tubes with different 𝐿/𝐷 ratios were investigated. The behaviour of full
section steel tubes under axial tension was also investigated to compare the behaviour of
small diameter steel tubes under axial tension and compression.

4.2 Experimental Program
The experimental program contained two different types of steel tubes: galvanized steel
tube and cold-formed steel tube. Galvanized and cold-formed steel tubes were chosen as
they are commonly used in Australia. Cold-formed steel tubes are extensively used due
to their high yield stress (Davies 2000). Galvanized steel tubes are also commonly used
in structures in coastal areas to avoid damage and deterioration due to corrosion (AS
2309-2008). For cold-formed steel tube specimens, the outside diameter was 26.9 mm
and the wall thickness was 2 mm. For cold-formed steel tube specimens, the outside
diameter was 33.7 mm and the wall thickness was 2.6 mm. The nominal tensile strength
of both galvanized and cold-formed steel tube was 350 MPa. For tension tests, three
specimens were tested for each type of tube. The behaviour of steel tubes under axial
compression depends on the unsupported length to outside diameters (𝐿/𝐷) ratio. In the
experimental program, galvanized and cold formed steel tube specimens with 𝐿/𝐷 ratio
of 2, 4, 6, 8, 10, and 12 were tested to include a wide range of 𝐿/𝐷 ratios of the small
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diameter steel tubes used in various structural engineering applications. It is noted that,
for the structural use of steel bars, similar range of 𝐿/𝐷 ratios were investigated (Mau
and El-Mabsout 1990; Bayrak and Sheikh 2001; Bae et al. 2005). For each 𝐿/𝐷 ratio,
three specimens were tested. A total of 42 steel tube specimens were tested, including 6
specimens under axial tension and 36 specimens under axial compression.

The specimen labels in Tables 4.1- 4.3 contain three parts. In the first part of the
specimen label, the letters G and C refer to galvanized steel tube and cold-formed steel
tube, respectively. In the second part of the specimen label, the letter T refers to the
specimens tested under axial tension and the letter C refers to the specimens tested
under axial compression. The number associated with letter C represents 𝐿/𝐷 ratio. The
third part of the specimen label refers to the test specimen number, as three specimens
were tested from each group. For example, Specimen G-C12-1 refers to galvanized steel
tube specimen tested under axial compression with 𝐿/𝐷 ratio of 12 and the specimen is
the first of the three tested specimens.

4.3 Instrumentation and Testing
A 500 kN universal testing machine in the High Bay laboratory at the University of
Wollongong, Australia was used to conduct the tests for all specimens. For tension tests,
different wedge grips of the machine jaw were used based on the outside diameters of
the steel tube specimens. Tensile testing of steel tubes was conducted according to
ASTM A370 (ASTM 2014). Full-size steel tube section was used to conduct the tensile
test. The lengths of the galvanized and cold-formed steel tube specimens tested under
axial tension were 302 mm and 324 mm, respectively. The gripping length at each end
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of the steel tube specimen was 80 mm. To avoid the crushing at the ends of the tube due
to gripping, two metal plugs fabricated from solid steel were inserted in both ends of the
tube specimen. Figure 4.1 shows the schematic of the metal plugs for galvanized and
cold-formed steel tubes. The gauge length of steel tube specimens tested under axial
tension was 50 mm. The gauge length is the unfilled tube distance between the two
metal plugs inside the steel tube (ASTM A370-2014). Flat grips were used for the
compression test, as shown in Figure 4.2. The ends of steel tube specimen were milled
for flat surfaces. The deformation was captured by the Instron testing machine. All
specimens were tested under displacement controlled load applications at the rate of 1
mm/min.

Figure 4.1: Metal plugs: (a) galvanized steel tube plug; and (b) cold-formed steel tube
plug
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Figure 4.2: Testing of specimen under axial compression

4.4 Results of Steel Tube Tensile Tests
Test results of galvanized and cold-formed steel tube specimens under axial tension
have been reported in Table 4.1. Figure 4.3 shows the stress-strain behaviour of
galvanized and cold-formed steel tube specimens under axial tension. It was observed
from the stress-strain behaviour of the tested specimens that the galvanized steel tube
specimens experienced well-defined yield points and also experienced plastic strain
hardening after yield plateau. The cold-formed steel tube specimens did not show
clearly defined yield points. Hence, yield stresses were calculated based on 0.2% proof
stress (AISI 1996). The average ultimate strength to yield stress ratio for galvanized and
cold-formed tube specimens was slightly greater than 1.08, which conforms the ductility
requirement specified in AISI (1996). The average yield stress of the cold-formed steel
tube specimens was 11% higher than the average yield stress of galvanized steel tube
specimens. The average ultimate strength of cold-formed steel tube specimens was 14%
higher than the average ultimate strength of galvanized steel tube specimens.
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Table 4.1: Test results of galvanized and cold-formed steel tube specimens under axial
tension

a

Strain
corresponding to
ultimate strength
(%)
5.7
5.53
5.51
5.58
3.27

Young’s
modulus
(GPa)

505

3.72

190

0.67

511

3.41

195

0.66

506

3.47

190

Specimen

Yielda
stress
(MPa)

Straina
Ultimate
corresponding strength
to yield stress
(MPa)
(%)
0.27
440
0.27
448
0.29
441
0.28
443
0.65
501

G-T-1
G-T-2
G-T-3
Average (G-T)
C-T-1

408
411
410
410
450

C-T-2

455

0.66

C-T-3

460

Average (C-T)

455

190
210
185
195
180

Yield stress and yield strain of C-T specimens were calculated based on 0.2% proof stress.

Figure 4.3: Stress-strain behaviour of galvanized and cold-formed steel tube specimens
under axial tension
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Figure 4.4 shows the typical failure modes of full-section tensile tests for the galvanized
and cold-formed steel tube specimens. The failure modes of galvanized and cold-formed
steel tubes were characterized by wall tearing of the tubes at the mid-height of the
specimens. The planes of wall tearing in the galvanized steel tube specimens were
slightly inclined. However, the planes of wall tearing in the cold-formed steel tube
specimens were horizontal. The horizontal plane of wall tearing in the cold-formed steel
tube was also observed in Jiao and Zhao (2001).

(a) Galvanized steel tube

(b) Cold-formed steel tube

Figure 4.4: Typical failure modes of specimens under axial tension: (a) galvanized steel
tube; and (b) cold-formed steel tube

4.5 General Behaviour of Steel Tubes under Axial Compression
The inelastic buckling behaviour of the steel tubes under compression was found to be
significantly influenced by the 𝐿/𝐷 ratio of the tube specimens (Figure 4.5). Two failure
modes were observed for galvanized and cold-formed steel tubes depending on the 𝐿/𝐷
ratio of the specimens. The first type of failure mode was local buckling (elephant’s foot
buckling) which occurred in a ring shape at one end of the steel tube. The second type
of failure mode was global buckling which occurred along the entire length of the tube.
Global buckling of the tubes occurred with insignificant local buckling at the ends of the
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tube specimen. After the ultimate load, global buckling failure was observed to occur as
a bend in a sharp angle near the mid-height of the tube.

Fixed grip

Elephant’s
foot buckling

(b) Galvanized steel tube
specimen with 𝐿/𝐷=8

(a) Galvanized steel tube
specimen with 𝐿/𝐷=4

Figure 4.5: Failure modes of galvanized steel tube specimens: (a) local buckling; and (b)
global buckling

4.6 Effect of 𝑳/𝑫 Ratio on the Compression Behaviour of Steel Tubes
4.6.1 Galvanized Steel Tube
Test results of galvanized steel tube specimen under axial compression are reported in
Table 4.2. The stress-strain behaviour of the galvanized steel tube specimens tested
under axial compression is shown in Figure 4.6. For each 𝐿/𝐷 ratio, three galvanized
steel tube specimens were tested. It was observed that the three tested specimens for
each 𝐿/𝐷 ratio experienced similar stress-strain behaviours. Hence, the axial load-axial
deformation behaviour of one of the three tested specimens (the first specimen) for each
𝐿/𝐷 ratio is shown in Figure 4.7 for ease of comparison. The initial slopes of stress65

strain curves of steel tube specimens tested under axial compression were corrected
according to the procedure outlined in Perea et al. (2013) and Gustafson et al. (1997).

Table 4.2: Test results of galvanized steel tube specimens under axial compression
Specimen

Yield
stress
(MPa)

Ultimate
strength
(MPa)

410

Strain
corresponding
to yield stress
(%)
0.78

492

Strain
corresponding to
ultimate strength
(%)
7.21

G-C2-1
G-C2-2

410

0.77

489

7.04

G-C2-3

416

0.80

492

7.15

Average (G-C2)

412

0.78

491

7.14

G-C4-1

410

0.78

491

6.06

G-C4-2

410

0.70

487

6.10

G-C4-3

412

0.77

476

6.2

Average (G-C4)

411

0.75

485

6.12

G-C6-1

411

0.73

434

3.59

G-C6-2

412

0.71

434

3.62

G-C6-3

410

0.68

433

3.64

Average (G-C6)

411

0.71

434

3.62

G-C8-1

-

-

426

0.69

G-C8-2

-

-

426

0.7

G-C8-3

-

-

426

0.5

Average (G-C8)

-

-

426

0.63

G-C10-1

-

-

426

0.39

G-C10-2

-

-

426

0.45

G-C10-3

-

-

425

0.47

Average (G-C10)

-

-

426

0.44

G-C12-1

-

-

424

0.40

G-C12-2

-

-

423

0.38

G-C12-3

-

-

424

0.41

Average (G-C12)

-

-

424

0.40
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Figure 4.6: Galvanized steel tube specimens with different 𝐿/𝐷 ratios under axial compression
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Figure 4.7: Stress-strain behaviour of galvanized steel tube specimens under axial
compression

The galvanized tube specimens with 𝐿/𝐷 ratio ≤ 6 showed two peak stresses: yield
stress and ultimate strength. Galvanized steel tube specimens with 𝐿/𝐷 ratio of 8 to12
showed one peak stress which is considered ultimate strength in this study. The yield
compressive stress was slightly larger than the yield tensile stress for specimens with
𝐿/𝐷 ratio ≤ 6. The ultimate compressive strengths for specimens with 𝐿/𝐷 ratio of 2
and 4 were larger than the respective ultimate tensile strengths by about 9.8% and 8.7%,
respectively. For specimens with 𝐿/𝐷 ratio of 6, the ultimate compressive strength was
2% less than the ultimate tensile strength. The ultimate compressive strength of the
galvanized steel tube specimen was 5.3% larger than the compressive yield stress for the
𝐿/𝐷 ratio of 8.
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Increasing the 𝐿/𝐷 ratio of galvanized steel tube specimens from 2 to 6 decreased the
ultimate compressive strength and corresponding strain by 11.6% and 49.3%,
respectively. However, no reduction in the compressive yield stress of the galvanized
steel was observed for the specimens with 𝐿/𝐷 ratio ≤ 6. The average ultimate
compressive strength to yield compressive stress ratio of the galvanized tube specimens
was greater than 1.08 for specimens with 𝐿/𝐷 ratio of 2 and 4.

Figure 4.7 shows that for specimens with 𝐿/𝐷 ratio of 8 to 12, the strain hardening of
the galvanized steel tube did not occur. Only one peak stress was observed for the
specimens with 𝐿/𝐷 ratio of 8 to 12. The stress-strain curve of galvanized steel tube
changed from strain hardening to strain softening for 𝐿/𝐷 ratio of 8 to 12. In addition, it
was observed that the compressive failure mode of steel tube changed from local
elephant’s foot buckling to global buckling at 𝐿/𝐷 ratio of 6. Compressive failure in
galvanized steel tube specimens with 𝐿/𝐷 ratio of 2 and 4 occurred due to local
elephant’s foot buckling. After the yield stress, the stress-strain behaviour of the steel
tubes exhibited strain hardening due to further reduction in effective length, which
occurred from the initiation of the elephant’s foot buckling. For the specimen with 𝐿/𝐷
ratio of 6, galvanized steel tubes underwent yielding before insignificant local buckling
at ends. Afterwards, global buckling took place and resulted in the failure of the steel
tubes. For specimens with 𝐿/𝐷 ratio of 8 to 12, the compressive failure was observed to
be more rapid due to the global buckling of the steel tube. Figure 4.8 shows the typical
failure modes of galvanized steel tube specimens.
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𝐿/𝐷=2

𝐿/𝐷=4

𝐿/𝐷=6

𝐿/𝐷=8

𝐿/𝐷=10

𝐿/𝐷=12

Figure 4.8: Typical failure modes of galvanized steel tube specimens

4.6.2 Cold-Formed Steel Tube
Test results of cold-formed steel tube specimens under axial compression are reported in
Table 4.3. The stress-strain behaviour of cold-formed steel tube specimens tested under
axial compression is shown in Figure 4.9. For each 𝐿/𝐷 ratio, three cold-formed steel
tube specimens were tested. It was observed that the three tested specimens for each
𝐿/𝐷 ratio experienced similar stress-strain behaviours. Hence, the axial load-axial
deformation behaviour of one of the three tested specimens (the first specimen) for each
𝐿/𝐷 ratio is shown in Figure 4.10. The stress-strain behaviour of the cold-formed steel
tubes under axial compression showed no clear yield points. Therefore, the yield
stresses of the cold-formed steel tubes were calculated by using 0.2% proof stress [20].
For the specimens with 𝐿/𝐷 ratio of 2, the yield compressive stress was slightly larger
than the yield tensile stress. However, the yield compressive stress was 5.5% less than
the yield tensile stress for specimens with 𝐿/𝐷 ratio of 4. The ultimate compressive
strengths for specimens with 𝐿/𝐷 ratio of 2 and 4 were larger than the respective
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ultimate tensile strengths by about 9.6% and 2.3%, respectively. For specimens with
𝐿/𝐷 ratio of 6, the ultimate compressive strength was less than the ultimate tensile
strength by only 3%.

Table 4.3: Test results of cold-formed steel tube specimens under axial compression

Ultimate
strength
(MPa)

458

Straina
corresponding
to yield stress
(%)
1.4

562

Strain
corresponding to
ultimate strength
(%)
6.63

C-C2-2

460

1.86

557

6.25

C-C2-3

455

1.52

560

6.42

Average (C-C2)

458

1.59

560

6.43

C-C4-1

430

1.17

515

4.51

C-C4-2

430

0.96

521

4.52

C-C4-3

429

1.01

518

4.49

Average (C-C4)

430

1.05

518

4.51

C-C6-1

420

0.87

483

2.45

C-C6-2

421

0.86

495

2.61

C-C6-3

420

0.68

496

2.64

Average (C-C6)

420

0.80

491

2.57

C-C8-1

418

0.64

452

1.51

C-C8-2

421

0.65

459

1.67

C-C8-3

419

0.65

457

1.55

Average (C-C8)

419

0.65

456

1.58

C-C10-1

413

0.64

438

1.22

C-C10-2

413

0.59

439

1.12

C-C10-3

411

0.55

439

1.12

Average (C-C10)

412

0.59

439

1.15

C-C12-1

405

0.57

412

0.73

C-C12-2

406

0.58

408

0.76

C-C12-3

405

0.57

413

0.88

Average (C-C12)

405

0.57

411

0.79

a

Specimen

Yielda
stress
(MPa)

C-C2-1

Yield stress and yield strain were calculated based on 0.2% proof stress.

71

Figure 4.9: Cold-formed steel tube specimens with different 𝐿/𝐷 ratios under axial compression
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Figure 4.10: Stress-strain behaviour of cold-formed steel tube specimens under axial
compression

Increasing the 𝐿/𝐷 ratio of the cold-formed steel tube specimens from 2 to 12 decreased
the ultimate compressive strength and corresponding strain by 26.6% and 87.7%,
respectively. When, the 𝐿/𝐷 ratio increased from 2 to 10, the yield compressive stress
decreased by 10%. For specimens with 𝐿/𝐷 ratio of 2, the ultimate compressive
strength was 18% larger than the yield compressive stress. This percentage reduced to
only 6% for specimens with 𝐿/𝐷 ratio of 10. The average ultimate compressive strength
to yield compressive stress ratio of cold-formed tube specimens was greater than 1.08
for specimens with 𝐿/𝐷 ratio of 8 and below. The initial slope of stress-strain behaviour
in the cold-formed steel tube specimens with 𝐿/𝐷 ratio ≥ 6 was steeper than the initial
slope of specimens with 𝐿/𝐷 ratio of 2 and 4.

The compressive failure modes of cold-formed and galvanized steel tubes were similar.
For specimens with 𝐿/𝐷 ratio of 2 and 4, the compressive failure of cold-formed steel
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tube specimens occurred due to the local elephant’s foot buckling. After the yield stress,
strain hardening occurred due to further reduction in the effective length, which
occurred from the initiation of the elephant’s foot buckling. For the 𝐿/𝐷 ratio of 6, coldformed steel tube specimens underwent yielding before insignificant local buckling at
ends followed by the global buckling of the entire tube specimens. Although the coldformed steel tube specimens exhibited no clear yield point unlike galvanized steel tube
specimens, the stress-strain behaviour of cold-formed steel tube specimens exhibited a
rapid decrease in the stress with strain after the ultimate strength for 𝐿/𝐷 ratio of 8 to
12. Figure 4.11 shows the typical failure modes of cold-formed steel tube specimens.

𝐿/𝐷=2

𝐿/𝐷=4

𝐿/𝐷=6

𝐿/𝐷=8

𝐿/𝐷=10

Figure 4.11: Typical failure modes of cold-formed steel tube specimens
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𝐿/𝐷=12

In general, to avoid global buckling of galvanized and cold-formed steel tubes in the
structural applications, the 𝐿/𝐷 ratio needs to be less than 6. It is noted that for the use
of small diameter steel tubes in reinforcing concrete columns, the effect of infill
concrete together with the confinement provided by the surrounding concrete needs to
be adequately investigated. Such investigations are considered beyond the scope of this
paper and are considered part of the future research investigations by the authors.

4.7 Conclusion
Based on the experimental investigation presented in this study, the following
conclusions and observations can be drawn:
1. The behaviour of galvanized and cold-formed small diameter steel tubes under axial
compression is significantly influenced by the 𝐿/𝐷 ratio. For the 𝐿/𝐷 ratio of 2 and 4,
the compressive failure in the steel tube specimens occurred due to local elephant’s foot
buckling. For the 𝐿/𝐷 ratio ≥ 6, the compressive failure modes of galvanized and coldformed steel tube specimens changed from local elephant’s foot buckling to global
buckling. In structural applications, steel tubes with 𝐿/𝐷 < 6 should be used to prevent
global buckling and to increase the ductility.
2. The stress-strain behaviour of galvanized steel tube specimens with 𝐿/𝐷 ratio ≤ 6
exhibited strain hardening after the yield stress. It is noted that the cold-formed steel
tube specimens exhibited no clear yield point under axial tension and also under axial
compression. However, the ultimate compressive strength of cold-formed steel tube
specimen was higher than the yield compressive stress for specimens with 𝐿/𝐷 ratio of
10 and below.
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3. The average ultimate compressive strength to yield compressive stress ratios of
galvanized tube specimens were greater than 1.08 for the specimens with 𝐿/𝐷 ratio ≤ 4.
The average ultimate compressive strength to yield compressive stress ratios of coldformed tube specimens were greater than 1.08 for the specimens with 𝐿/𝐷 ratio ≤ 8.
4. The yield compressive stress was slightly larger than the yield tensile stress for
galvanized steel tube specimens with 𝐿/𝐷 ratio ≤ 6. The yield compressive stress was
slightly larger than the yield tensile stress for cold-formed steel tube specimens with
𝐿/𝐷 ratio of 2. The ultimate compressive strength of galvanized and cold-formed steel
tube was found to be less than the ultimate tensile strength for specimens with 𝐿/𝐷 ratio
≥ 6.
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CHAPTER 5: BEHAVIOUR OF SMALL-DIAMETER SELFCOMPACTING CONCRETE-FILLED STEEL TUBES

Summary
Based on the test results of the preliminary experiments presented in Chapter four, this
chapter experimentally explores the effect of length to diameter (𝐿/𝐷) ratio on the axial
load capacity of small-diameter self-compacting concrete-filled cold-formed steel tube
(SCFT) specimens. The SCFT specimens with 𝐿/𝐷 ratio of 2 to 14 were tested. Two
different cold-formed steel tubes were used in the construction of the SCFT specimens.
The details of the experimental study including the design of experiments, preparation
and testing, failure modes and behaviour of the SCFT specimens under concentric axial
load were presented in this chapter. Also, the experimental results of SCFT specimens
were compared with the estimate from ANSI/AISC 360-10 (2010). The equations used
for calculating the capacity of small-diameter steel tubes filled with and without the
SCC were used in the analytical model in Chapters seven and eight.

Following the outcome of this chapter, the next chapter (Chapter 6) explains the
experimental program for SCC columns reinforced with steel tubes as a new system of
reinforcing concrete columns.
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following citation:
Alhussainy F, Sheikh MN, Hadi MNS. (2017). "Behaviour of small-diameter selfcompacting concrete-filled steel tubes." Magazine of Concrete Research, 70(16), 811821.
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Abstract
This study explores the effect of length to diameter (𝐿/𝐷) ratio on the axial load
capacity of small-diameter self-compacting concrete-filled steel tube (SCFT)
specimens. The SCFT specimens with 𝐿/𝐷 ratio of 2 to 14 were tested. Two different
cold-formed steel tubes with diameters of 26.9 and 33.7 mm were used in the
construction of the SCFT specimens. The behaviour of the SCFT specimens was
compared with the unfiled steel tube (UT) specimens. The axial load capacity of SCFT
specimens was found to be higher than the axial load capacity of UT specimens. The
compressive failure of SCFT and UT specimens with a ratio of 2 and 4 occurred due to
local buckling and with 𝐿/𝐷 ratio ≥ 6 occurred due to global buckling. However, the
self-compacting concrete inside steel tubes improved the ductility and the post-peak
axial load-axial deformation response of SCFT specimens compared to the UT
specimens.

Keywords: Fresh concrete; workability; stress

Notation
𝐴𝑐

Cross section area of the concrete

𝐴𝑠

Cross section area of the steel tube

𝐶3

Coefficient of concrete effective stiffness

𝐷

Outside diameter of steel tube

𝐸𝑐

Modulus of elasticity of the concrete

𝐸𝑠

Modulus of elasticity of the steel tube

𝐸𝐼𝑒

Effective flexural stiffness

𝑓𝑐′

Concrete compressive strength

𝑓𝑦

Steel yield stress

𝐼𝑐

Second moment of area of the concrete

𝐼𝑠

Second moment of area of the steel tube
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𝑘𝑒

Member effective length factor

𝐿

Column length

𝑁𝑐

Nominal member capacity

𝑁𝑐𝑑

Design member capacity

𝑁𝑒

Euler elastic buckling capacity

𝑁𝑒𝑥𝑝 Average ultimate load capacity of two self-compacting concrete-filled steel tube
specimens
𝑁𝑜

Squashing capacity of the cross-section

𝑡

Wall thickness of the steel tube

𝛼1

Reduction factor for the filling concrete

∅𝑐𝑜

Partial safety factor for a composite column capacity

5.1 Introduction
Concrete-filled steel tubes (CFTs), constructed by filling steel tubes with concrete, are
widely used as a structural members. The behaviour of CFTs is fundamentally different
from the behaviour of unfilled steel tubes (UTs). The presence of the concrete infill
changes the buckling mode of steel tube specimens from inward buckling to outward
buckling (AISC, 2010). In addition, the change of buckling mode is not only evident in
the cross-section but is also evident along the length of the member (AISC, 2010). CFTs
have the following advantages.
▪ Yield load carrying capacity of a CFT is higher owing to the delay in the buckling of
the steel tube in the elastic range (Lai and Ho, 2016).
▪ CFTs provide excellent resistance to seismic and impact loads (Shanmugam and
Lakshmi, 2001).
▪ The strain concentrations of CFTs are reduced by spreading the localized buckling
over the length of the CFT (Elchalakani et al., 2001).
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▪ The failure of CFTs is not as rapid as UTs because the inward buckling failure
mechanism is eliminated by the infill concrete (AISC, 2010; Zeghiche and Chaoui,
2005).
▪ The post-buckling behaviour of CFTs is more ductile than UTs owing to an increase
in the wavelength of the bulking response (Ellobody et al., 2006).
▪ The fire resistance of CFTs is higher than that of UTs (Huo et al., 2014).
▪ In CFTs, the steel tube acts as permanent formwork.
▪ The circular steel tube section significantly increases the confinement of the concrete
core owing to uniform membrane pressure (Schneider, 1998).

Due to the above mentioned advantages, CFTs have been widely used as columns for
bridges and high-rise buildings (Fam et al., 2004; Giakomelis and Lam, 2004; Lai and
Ho, 2015). The CFT is also used as chords in truss bridges (Han et al., 2011) and as ribs
in transmission towers (Han et al., 2012). Han and An (2014) used composite columns
consisting of an inner CFT and an outer layer of reinforced concrete. Recently, Hadi et
al. (2017) proposed to use small-diameter CFTs for reinforcing concrete columns. The
innovative use of the CFTs for reinforcing concrete column was found to be equally
effectives, especially considering the axial load capacity and the ductility of the
columns (Hadi et al., 2017). However, the axial load carrying capacity and the ductility
of the CFT-reinforced concrete columns depends significantly on the behaviour of the
CFTs under axial compression. The CFTs can be effectively used as structural members
where small-diameter steel tubes are required. The concrete-filled small-diameter steel
tubes can also be used in the construction of garage sheds, covered walkways, and
pedestrian bridges to increase the axial load capacity and to reduce the vibration of the
total structure.
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In a CFT, the confinement provided by the steel tube is initiated by the expansion of
concrete due to microcracking under axial load. The increase in load-resisting capacity
is mostly observed in circular short CFT columns. However, when the length to outside
diameter (𝐿/𝐷) ratio is high, the CFT columns tend to buckle before providing any
confinement to the expanding concrete core. Knowles and Park (1969) reported that the
CFT columns with 𝐿/𝐷 ratio ≥ 12 did not exhibit any significant confinement effect.
Gupta et al. (2007) tested 72 CFT specimens (340 mm in length) with two different
grades of concrete (nominal concrete compressive strength of 30 and 40 MPa) in steel
tubes with outside diameters of 47.28, 89.32 and 112.56 mm and thicknesses of 1.87,
2.74 and 2.89 mm, respectively. Normal vibrated concrete (NVC) and self-compacting
concrete (SCC) were used to fill the steel tubes. The SCC mix was produced by using
three different percentages of fly ash (15, 20 and 25%). Gupta et al. (2007) reported that
CFT specimens with 47.28 mm outside diameter failed by Euler bucking (global
buckling) and CFT specimens with outside diameters of 89.32 mm and 112.56 mm
failed by local buckling. However, Gupta et al. (2007) did not investigate the influence
of different 𝐿/𝐷 ratios on the axial load capacity of the CFT specimens under axial
compression. It was reported that the confinement effect decreased with an increase in
the concrete strength for smaller 𝐿/𝐷 ratios. De Oliveira et al. (2009) tested 16 CFT
columns (114.3 mm outside diameter and 3.35 mm wall thickness) with different grades
of concrete (nominal concrete compressive strength of 32.7, 58.7, 88.8 and 105.5 MPa)
and different 𝐿/𝐷 ratios (3, 5, 7 and 10). It was reported that the axial load capacity of
CFT columns increased with the increase in the compressive strength of the concrete
core and decreased with the increase in the 𝐿/𝐷 ratio of the specimen. Muciaccia et al.
(2011) tested 24 CFT columns (139.6 mm outside diameter and 4 mm wall thickness)
with different types of concrete (NVC, SCC and expansive SCC) and 𝐿/𝐷 ratios
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ranging from 9 to 33 under 25 mm eccentric axial load. It was found that the influence
of the 𝐿/𝐷 ratio and the failure mode of tested specimens were similar to previous
findings of the CFT columns filled with NVC. Additionally, the use of SCC instead of
NVC did not affect the design of CFT.

The behaviour of steel tubes filled with concrete has been extensively studied and
included in major design standards, such as American Standard ANSI/AISC 360-10
(AISC 2010), Eurocode 4 (BSI, 2005) and the Canadian Standard CAN/CSA S16-09
(CSA 2009). A large number of studies were carried out on medium-scale specimens
with an outside diameter between 100 mm and 200 mm using concrete of varying
compressive strengths. However, only a limited number of research studies were
conducted on the behaviour of small-diameter CFTs. In this paper, steel tubes with
small diameters were used as CFTs. Since the diameter of the steel tubes is very small,
the ability of concrete to flow and consolidate without segregation is highly critical.
Therefore, concrete with high flowability is required to completely fill the tube without
segregation. SCC is considered to be a suitable option; it is able to compact under its
own weight without requiring any vibration. Besides the requirement for no vibration,
the SCC is chosen due to its good rheological performance, constructional
enhancement, environmental advantage and economic benefit (Aslani, 2015; Badry et
al., 2016; Chamani et al., 2014; EFNARC, 2005). The present study investigates the
influence of 𝐿/𝐷 ratio on the axial load capacity of small-diameter SCC-filled steel tube
(SCFT) specimens under axial compression. For specimens with 𝐿/𝐷 ratio of 2 to 14,
the compressive failure of SCFT specimens was compared with the compressive failure
of the UT specimens. The influence of outside diameter to thickness (𝐷/𝑡) ratio of steel
tubes on the behaviour of SCFT specimens was also investigated. Moreover,
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experimental axial load capacities of SCFT specimens with different 𝐿/𝐷 ratios were
compared with the estimates from American Standard ANSI/AISC 360-10 (AISC
2010).

5.2 Experimental Program
Two different types of cold-formed steel tubes were used to construct SCFT specimens.
The first cold-formed steel tube had an outside diameter of 26.9 mm, wall thickness of
2.6 mm and a nominal tensile strength of 250 MPa. The second cold-formed steel tube
had an outside diameter of 33.7 mm, a wall thickness of 2 mm and a nominal tensile
strength of 350 MPa. The cold-formed steel tube specimens were divided into two
groups: SCFT specimens and UT specimens. The behaviour of specimens under axial
compression depends largely on the unsupported length to outside diameters (𝐿/𝐷)
ratio. In the experimental program, two specimens of each 𝐿/𝐷 ratio of 2, 4, 6, 8, 10, 12
and 14 were tested under axial compression. Three specimens of each type of UT were
also tested under axial tension. A total of 62 specimens were tested, which included 56
specimens under axial compression and 6 specimens under axial tension.

A SCC mix with a maximum aggregate size of 10 mm was used in casting the SCFT
specimens. The SCC was prepared according to EFNARC (2002). Several concrete
mixes were investigated to achieve SCC. The mix proportion of the SCC used in this
study is shown in Table 5.1. The properties of fresh concrete were tested according to
ASTM C1610-14 (ASTM, 2014b); ASTM C1611-14 (ASTM, 2014c) and ASTM
C1621-14 (ASTM, 2014d). For the water/powder ratio of 0.4, column segregation test
(ASTM, 2014b), slump flow test (ASTM, 2014c) and J-ring test (ASTM, 2014d) results
were found to be satisfactory. The compressive strength of the SCC was determined by
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testing three cylinders of 100 mm diameter and 200 mm height according to AS 1012.914 (SA, 2014). The average 28 d compressive strength of the SCC was 57 MPa. The
formwork was constructed to keep both the top and bottom of the steel tube specimens
in a fixed plumb position, as shown in Figure 5.1. Steel tube specimens were fixed to a
non-absorbing plywood base plate. The SCC mix was poured in the steel tube
specimens without any vibration or compaction.

Table 5.1: Mix proportion of the SCC used in this study
Material

Quantity

Cement

280 kg/m3

Fly ash

120 kg/m3

Slag

50 kg/m3

Fine aggregate

950 kg/m3

Coarse aggregate

780 kg/m3

Water

182 kg/m3

High range water reducer

3.375 l/m3

Water/Powder ratio

0.4
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Figure 5.1: Construction of formwork

The label for the specimen groups consist of one part and the labels for the specimens
consist of three parts; these are listed in Tables 5.2–5.5. There are four groups of
specimens. The Groups UT26.9 and UT33.7 refer to UTs with 26.9 mm and 33.7 mm
outside diameters, respectively. The Groups SCFT26.9 and SCFT33.7 refer to SCFTs
with 26.9 mm and 33.7 mm outside diameters, respectively. The first part of the
specimen label represents the group name. In the second part of the specimen label, the
letter ‘T’ refers to the specimens tested under axial tension, and the letter ‘C’ refers to
the specimens tested under axial compression. The number associated with letter ‘C’
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represents 𝐿/𝐷 ratio. The third part of the specimen label refers to the test specimen
number. Two specimens from each group were tested under axial compression and three
specimens from each group were tested under axial tension. For example, specimen
SCFT26.9-C10-1 refers to a SCFT specimen (with 26.9 mm outside diameter) tested
under axial compression, with 𝐿/𝐷 ratio of 10, and the specimen is the first of the two
tested specimens.

5.3 Instrumentation and Testing
A 500 kN universal testing machine in the High Bay laboratory at the University of
Wollongong, Australia, was used to conduct the tests for all specimens. For tension
tests, different wedge grips of the machine jaw were used based on the outside
diameters of steel tube specimens. Tensile testing of steel tubes was conducted
according to ASTM A370-14 (ASTM, 2014a). Full-size tubular sections were used to
conduct the tensile test. To avoid the crushing at the ends of the tube due to gripping,
two metal plugs fabricated from solid steel were inserted in both ends of the tube. The
metal plugs were designed based on the inside diameters of the steel tubes to suit the
21.7 and 29.7 mm steel tubes. Figure 5.2 shows the schematic of the metal plugs for the
steel tubes. Flat grips were used for the axial compression test. The SCFT specimens
were tested with the axial load applied on the entire section. The ends of steel tube
specimen were milled for a flat surface. The specimens were tested under displacement
controlled load applications at 1 mm/min.
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Figure 5.2: Metal plugs: (a) UT26.9 steel tube plug and (b) UT33.7 steel tube plug
(all dimensions are in mm)
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5.4 Test Results of UT Specimens
5.4.1 UTs under Axial Tension
Test results of cold-formed UT specimens under axial tension are reported in Table 5.2.
Figure 5.3 shows the stress-strain behaviour of cold-formed UT specimens under axial
tension. It was observed from the stress-strain behaviour of the tested specimens that the
UT specimens did not show clearly defined yield points. Hence, yield stresses were
calculated based on 0.2% proof stress (AISI, 1996). The average ultimate strength to
yield stress ratio for UT specimens was greater than 1.08 (Table 5.2), which satisfies the
ductility requirement specified in Specification for the Design of Cold-Formed Steel
Structural Members (AISI 1996).

Table 5.2: Test results of UT specimens under axial tension

Group

UT26.9-T-1

Yielda
stress:
MPa
360

Yielda
strain:
%
0.55

Ultimate
strength:
MPa
399

Corresponding
strain:
%
2.53

Young’s
modulus:
GPa
193

UT26.9-T-2

355

0.51

389

2.50

192

UT26.9-T-3

350

0.52

385

2.57

191

Ave UT26.9-T

355

0.53

391

2.53

192

UT33.7-T-1

455

0.53

491

4.47

195

UT33.7-T-2

447

0.65

500

6.69

197

UT33.7-T-3

448

0.57

495

4.52

196

Ave UT33.7-T

450

0.58

495

5.23

196

Specimen

UT26.9

UT33.7

a

Yield stress and yield strain of specimens were calculated based on 0.2% proof stress.
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Figure 5.3: Stress-strain behaviour of cold-formed UT specimens under axial tension

5.4.2 UTs under Axial Compression
Test results of UT specimens under axial compression are reported in Table 5.3. The
axial load-axial deformation behaviours of the specimens in the Group UT26.9 and
Group UT33.7 under axial compression are shown in Figure 5.4. For each group of steel
tubes, two specimens were tested for each 𝐿/𝐷 ratio. It was observed that the two tested
specimens for each 𝐿/𝐷 ratio experienced similar axial load-axial deformation
behaviour. Consequently, the axial load-axial deformation behaviour of one of the two
tested specimens (the first specimen) for each 𝐿/𝐷 ratio is shown in Figure 5.4 for ease
of comparison. The behaviour of UT specimens under axial compression is significantly
influenced by the 𝐿/𝐷 ratio.
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Table 5.3: Test results of UT specimens under axial compression

Specimen
UT26.9-C2-1

Group UT26.9
Ultimate Corresponding
load:
deformation:
kN
mm
83.8
4.88

Specimen
UT33.7-C2-1

UT26.9-C2-2

83.7

4.53

UT33.7-C2-2

Ave UT26.9-C2

83.8

4.71

Ave UT33.7-C2

UT26.9-C4-1

81.8

3.97

UT26.9-C4-2

80.8

Ave UT26.9-C4

Group UT33.7
Ultimate Corresponding
load:
deformation:
kN
mm
102
3.67
101

3.61

101.5

3.64

UT33.7-C4-1

100

5.86

3.88

UT33.7-C4-2

100.4

5.83

81.3

3.93

Ave UT33.7-C4

100.2

5.85

UT26.9-C6-1

78.4

3.42

UT33.7-C6-1

94.2

5.97

UT26.9-C6-2

79.4

3.40

UT33.7-C6-2

93.4

5.84

Ave UT26.9-C6

78.9

3.41

Ave UT33.7-C6

93.8

5.91

UT26.9-C8-1

73.6

2.52

UT33.7-C8-1

88.3

4.61

UT26.9-C8-2

73.3

2.33

UT33.7-C8-2

88.9

5.00

Ave UT26.9-C8

73.5

2.4

Ave UT33.7-C8

88.6

4.81

UT26.9-C10-1

71.3

1.70

UT33.7-C10-1

83.7

3.82

UT26.9-C10-2

71.9

1.82

UT33.7-C10-2

83.8

4.00

Ave UT26.9-C10

71.6

1.76

Ave UT33.7-C10

83.8

3.91

UT26.9-C12-1

70.4

1.69

UT33.7-C12-1

81.4

3.53

UT26.9-C12-2

71.2

1.70

UT33.7-C12-2

81.6

3.65

Ave UT26.9-C12

70.8

1.70

Ave UT33.7-C12

81.5

3.59

UT26.9-C14-1

69.2

1.57

UT33.7-C14-1

78.7

3.36

UT26.9-C14-2

69.7

1.71

UT33.7-C14-2

78.5

3.13

Ave UT26.9-C14

69.5

1.64

Ave UT33.7-C14

78.6

3.25
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(a) Group UT26.9

(b) Group UT33.7
Figure 5.4: Load-deformation behaviour of UT specimens under axial compression: (a)
Group UT26.9 and (b) Group UT33.7
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Two failure modes were observed for UT specimens depending on the 𝐿/𝐷 ratio of the
specimens. The first type of failure mode was due to local buckling (elephant’s foot
buckling), which occurred in a ring shape at one end of the steel tube. The second type
of failure mode was due to global buckling, which occurred along the entire length of
the tube. Global buckling of the UT specimens occurred with insignificant local
buckling at the ends of the UT specimen. After the ultimate load, global buckling failure
was observed to occur as a bend in a sharp angle near the mid-height of the tube (inward
buckling). For the 𝐿/𝐷 ratio of 2 and 4, the compressive failure in the UT specimens
occurred due to local elephant’s foot buckling. For the 𝐿/𝐷 ratio ≥ 6, the compressive
failure modes of UT specimens changed from local elephant’s foot buckling to global
buckling. Figure 5.5 shows the typical failure modes of specimens in the Group UT26.9
and Group UT33.7.

Increasing the 𝐿/𝐷 ratio of specimens in the Group UT26.9 from 2 to 14 decreased the
ultimate load and corresponding axial deformation by 17% and 65.2%, respectively. For
specimens in the Group UT33.7, increasing the 𝐿/𝐷 ratio from 2 to 14 decreased the
ultimate load by 22.6%. However, for specimens in the Group UT33.7 with 𝐿/𝐷 ratio of
2 and 4 the axial deformation corresponding to the ultimate axial load was less than that
for specimens with 𝐿/𝐷 ratio of 6. The lower axial deformation of the specimens in the
Group UT33.7 with 𝐿/𝐷 ratio of 2 and 4 may be attributed to the larger 𝐷/𝑡 ratio
compared to the specimens in Group UT26.9. The formation of elephant’s foot buckling
in the one end of the specimen with the larger 𝐷/𝑡 ratio was faster than other specimens
with smaller 𝐷/𝑡 ratios and hence the thinner tubes were less ductile (O’Shea and
Bridge, 1997).
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Figure 5.5: Typical failure modes of UT specimens: (a) Group UT26.9 and (b) Group
UT33.7
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For specimens in Group UT33.7, the axial deformation corresponding to the ultimate
load synchronized with elephant’s foot buckling was less than the axial deformation
corresponding to the ultimate axial load synchronized with global buckling. However,
for specimens in Group UT33.7, increasing the 𝐿/𝐷 ratio from 6 to 14 decreased the
axial deformation corresponding to the ultimate load by 45%. The 𝐷/𝑡 ratio of
specimens in Group UT33.7 was 38.6% higher than the 𝐷/𝑡 ratio of specimens in
Group UT26.9. For UT specimens with high 𝐷/𝑡 ratio, the influence of elephant’s foot
buckling on the axial deformation and ductility with 𝐿/𝐷 ratio of 2 and 4 was more
significant than the influence of global buckling on the axial deformation and ductility
of UT specimens with 𝐿/𝐷 ratio of 6.

5.5 Test Results of SCFTs
Test results of SCFT specimens under axial compression are reported in Table 5.4. The
axial load-axial deformation behaviours of the specimens in the Group SCFT26.9 and
Group SCFT33.7 that were tested under axial compression are shown in Figure 5.6. For
each group of steel tubes, two specimens were tested for each 𝐿/𝐷 ratio. It was
observed that the two tested specimens for each 𝐿/𝐷 ratio experienced similar axial
load-axial deformation behaviour. Consequently, the axial load-axial deformation of
one of the two tested specimens (the first specimen) for each 𝐿/𝐷 ratio is shown in
Figure 5.6. It was also observed from axial load-axial deformation behaviour of the
tested specimens with 𝐿/𝐷 ratio of 2 and 4 that the load capacity continued to increase
after yielding of the steel. This increase of axial load after peak load occurred because
the length of the specimen was short and hence the global buckling of the specimen did
not occur.
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Table 5.4: Test results of SCFT specimens under axial compression
Group SCFT26.9
Ultimate
Corresponding
Specimen
loada:
deformation:
kN
mm
SCFT26.9-C2-1
117.6
3.67

Group SCFT33.7
Ultimate
Corresponding
Specimen
loada:
deformation:
kN
mm
SCFT33.7-C2-1
161.7
8.85

SCFT26.9-C2-2

116.4

3.41

SCFT33.7-C2-2

166.3

9.51

117

3.54

Ave SCFT33.7-C2

164

9.18

SCFT26.9-C4-1

104.6

3.36

SCFT33.7-C4-1

145.1

8.93

SCFT26.9-C4-2

103.8

3.12

SCFT33.7-C4-2

141.1

8.81

Ave SCFT26.9-C4

104.2

3.24

Ave SCFT33.7-C4

143.1

8.87

SCFT26.9-C6-1

104

3.27

SCFT33.7-C6-1

137.7

6.49

SCFT26.9-C6-2

102.7

2.98

SCFT33.7-C6-2

136.7

6.4

Ave SCFT26.9-C6

103.4

3.14

Ave SCFT33.7-C6

137.2

6.45

SCFT26.9-C8-1

97.9

3.16

SCFT33.7-C8-1

132

4.66

SCFT26.9-C8-2

97.8

2.96

SCFT26.9-C8-2

133.7

4.5

Ave SCFT26.9-C8

97.9

3.06

Ave SCFT33.7-C8

132.9

4.58

SCFT26.9-C10-1

92.7

2.31

SCFT33.7-C10-1

124.5

3.94

SCFT26.9-C10-2

93.3

2.35

SCFT33.7-C10-2

127.3

3.92

93

2.33

Ave SCFT33.7-C10

125.9

3.93

SCFT26.9-C12-1

90.7

2.14

SCFT33.7-C12-1

117.5

3.75

SCFT26.9-C12-2

91

1.93

SCFT33.7-C12-2

118

3.62

Ave SCFT26.9-C12

90.9

2.04

Ave SCFT33.7-C12

117.8

3.69

SCFT26.9-C14-1

83.7

1.94

SCFT33.7-C14-1

115.4

3.04

SCFT26.9-C14-2

87.9

2.24

SCFT33.7-C14-2

115.2

3.12

Ave SCFT26.9-C14

85.8

2.09

Ave SCFT33.7-C14

115.3

3.08

Ave SCFT26.9-C2

Ave SCFT26.9-C10

a

The ultimate load of the SCFT specimens with 𝐿/𝐷 =2 and 4 represent the load at the first peak axial

load.
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(a) Group SCFT26.9

(a) Group SCFT33.7
Figure 5.6: Load-deformation behaviour of concrete-filled steel tube specimens under
axial compression: (a) Group SCFT26.9 and (b) Group SCFT33.7
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In the present study, however, the increasing axial load after the first peak of the
specimens with 𝐿/𝐷 ratio of 2 and 4 was ignored and the first peak load was used for
comparisons. For specimens with 𝐿/𝐷 ratio ≥ 6 there was no load increase after the first
peak load. Increase in the 𝐿/𝐷 ratio of the SCFT specimens decreased the ultimate axial
load and corresponding axial deformation. For specimens in Group SCFT26.9,
increasing the 𝐿/𝐷 ratio from 2 to 14 decreased the ultimate axial load and the
corresponding axial deformation by 26.7% and 41%, respectively. For specimens in
Group SCFT33.7, increasing the 𝐿/𝐷 ratio from 2 to 14 decreased the ultimate axial
load and the corresponding axial deformation by 29.7% and 66%, respectively. For
specimens with 𝐿/𝐷 ratio of 2 and 4, the influence of the 𝐷/𝑡 ratio on specimens in
Group SCFT33.7 was less than the influence of the 𝐷/𝑡 ratio on specimens in Group
UT33.7. In the SCFT specimens with 𝐿/𝐷 ratio of 2 and 4, the elephant’s foot buckling
did not show any significant influence on the axial deformation and ductility because
the infill concrete prevented the elephant’s foot buckling.

The failure modes of the specimens in Group SCFT26.9 and Group SCFT33.7 were
similar. The failure mode of the SCFT specimens was significantly influenced by the
𝐿/𝐷 ratio. For SCFT specimens with 𝐿/𝐷 ratio of 2 and 4, the first peak load occurred
with small bulges along the steel tube specimen. The small bulges extended due to an
expansion of the infill concrete after the yielding of the steel tube. Afterward, the
specimens with 𝐿/𝐷 ratio of 2 showed a significant increase in the axial load capacity
and the specimens with 𝐿/𝐷 ratio of 4 showed a slight increase in the axial load without
any sudden loss of the axial load capacity and with significant ductility. The higher
axial load capacity experienced by the SCFT specimens with 𝐿/𝐷 ratio of 2 and 4 was
because the length of steel tubes was very short and the concrete inside the steel tubes
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prevented the elephant’s foot buckling. The axial strain of SCFT specimens with 𝐿/𝐷
ratio of 2 and 4 caused microcracking within the infill concrete of SCFT specimens and
activated the confinement effect in the concrete. Finally, the specimens with 𝐿/𝐷 ratio
of 2 and 4 failed due to crushing of the concrete core. The concrete crushing was caused
by the increase in the outward local buckling of the steel tube. For specimens with 𝐿/𝐷
ratio ≥ 6, the failure occurred due to global buckling of the specimens. The global
buckling occurred after the yielding of the steel tube. The specimens with 𝐿/𝐷 ratio ≥ 6
gradually lost the axial load capacity due to the formation of small bulges in the middle
of the steel tube. The gradual loss of the axial load capacity experienced by the SCFT
specimens with 𝐿/𝐷 ratio ≥ 6 was because the concrete inside the steel tubes prevented
the inward buckling of the UT specimens. The small bulges prevented the occurrence of
sudden failure owing to global buckling of the specimen. Figure 5.7 shows the typical
failure modes of the SCFT specimens.

The SCFT specimens showed higher axial load capacities compared to the UT
specimens owing to the influence of the infill concrete. The average axial load capacity
of the specimens in Group SCFT26.9 was 30% higher than the average axial load
capacity of the specimens in Group UT26.9. Also, the average axial load capacity of the
specimens in the Group SCFT33.7 was 49% higher than the average axial load capacity
of the specimen in Group UT33.7. In addition, unlike the UT specimens, the axial load
of the SCFT specimens with 𝐿/𝐷 ratio of 2 and 4 showed higher axial load capacity
after yielding of the steel tube. The higher axial load capacity of the SCFT specimens
with 𝐿/𝐷 ratio of 2 and 4 was a result of the concrete inside the steel tubes preventing
the elephant’s foot buckling. This led to an increase in the axial deformation of SCFT
specimens with 𝐿/𝐷 ratio of 2 and 4 owing to activation of the confinement effect in the
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concrete. The concrete confinement significantly increased the axial load capacity of the
SCFT specimens with 𝐿/𝐷 ratio of 2 and 4.

Figure 5.7: Typical failure modes of concrete-filled steel tube specimens: (a) Group
SCFT26.9, and (b) Group SCFT33.7
102

From the experimental results obtained for SCFT and UT specimens, the concrete
enhancement factor (O’Shea and Bridge 1996) was calculated, given in Table 5.4. The
experimental concrete enhancement factor was calculated by dividing the confined
concrete strength with the unconfined compressive strength of the SCC. The confined
concrete strength was calculated by subtracting the contribution of UT from the load
carrying capacity of the SCFT and dividing the remainder by the area of concrete infill.
The average experimental concrete enhancement factor of specimens in Group
SCFT26.9 decreased from 1.577 to 1.015 when the 𝐿/𝐷 ratio increased from 2 to 10.
The average experimental concrete enhancement factor of specimens in Group
SCFT33.7 decreased from 1.583 to 1.067 when the 𝐿/𝐷 ratio increased from 2 to 10.
However, for specimens with 𝐿/𝐷 ratio ≥ 12 the experimental concrete enhancement
factor decreased to a value less than 1. The reduction of the experimental concrete
enhancement factor to a value less than 1 was due to the effect of column slenderness
(𝐿/𝐷). The SCFT specimens with 𝐿/𝐷 ratio ≥ 12 buckled before providing any
confinement effect in the infill concrete. The global buckling of the SCFT specimens
with 𝐿/𝐷 ratio ≥ 12 occurred at a strain in the infill concrete, which was lower than the
strain necessary to induce microcracking in the infill concrete. Hence, the steel tube did
not provide confinement effect in the concrete. Rather, the steel tube buckled before
reaching the unconfined compressive strength of the concrete. Hence, the concrete
enhancement factor of the SCFT specimens with 𝐿/𝐷 ratio ≥ 12 was less than 1.

5.6 Analytical Considerations
The American Standard ANSI/AISC 360-10 (AISC, 2010) was used to calculate the
axial load capacity of the SCFT specimens under concentric axial load. The calculated
results were compared with the experimental results. The ANSI/AISC 360-10 (AISC,
103

2010) covers three components in the composite columns: steel tube, concrete infill and
reinforcing steel bars. The design standard was briefly reviewed for composite columns
constructed with only two components: steel tube and concrete infill. The limits of the
material parameters in ANSI/AISC 360-10 (AISC, 2010) for the design of CFT columns
are: (a) the concrete compressive strength is ranged from 21 MPa to 70 MPa; (b) the
yield tensile stress of the steel tube is less than 525 MPa; and (c) the amount of steel is
more than 1% of the total cross section. The limits for the minimum diameter of steel
tubes are not explicitly described in ANSI/AISC 360-10 (AISC, 2010). However, to
classify the local buckling effect, ANSI/AISC 360-10 (AISC, 2010) specifies limits for
compact, non-compact and slenderness composite members based on the maximum 𝐷/𝑡
ratio of the steel tube. In the present study, only the limits of compact sections were
reviewed to evaluate the applicability of code recommendations for SCFT specimens.

In the American Standard ANSI/AISC 360-10 (AISC, 2010), design member capacity
𝑁𝑐𝑑 of a composite column is calculated by Equation 5.1.
𝑁𝑐𝑑 = ∅𝑐𝑜 𝑁𝑐

(5.1)

where ∅𝑐𝑜 is the partial safety factor for a composite column capacity that is equal to
0.75, and the nominal member capacity 𝑁𝑐 is calculated by Equations 5.2 and 5.3.
𝑁
( 𝑜)

𝑁𝑐 = 𝑁𝑜 [0.658

𝑁𝑒

],

If

𝑁𝑜
𝑁𝑒

𝑁𝑐 = 0.877 𝑁𝑒 ,
𝑁𝑜 = 𝑓𝑦 𝐴𝑠 + 𝛼1 𝑓𝑐′ 𝐴𝑐
𝑁𝑒 =

𝜋 2 𝐸𝐼𝑒
(𝑘𝑒 𝐿)2
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≤ 2.25
If

(5.2)
𝑁𝑜
𝑁𝑒

> 2.25

(5.3)
(5.4)
(5.5)

where 𝑁𝑜 is the squashing capacity of the cross-section, 𝑁𝑒 is the Euler elastic buckling
capacity, 𝑓𝑦 is the steel yield stress, 𝑓𝑐′ is the concrete compressive strength, 𝐴𝑠 and 𝐴𝑐
are the steel and concrete cross-section areas, respectively, 𝛼1 is the reduction factor for
the filling concrete which is equal to 0.95 for circular section, 𝑘𝑒 is the member
effective length factor and 𝐿 is the column length. The effective flexural stiffness 𝐸𝐼𝑒 of
a cross-section of a composite column is calculated by Equation 5.6.
𝐸𝐼𝑒 = 𝐸𝑠 𝐼𝑠 + 𝐶3 𝐸𝑐 𝐼𝑐
𝐶3 = 0.6 + 2 (

(5.6)

𝐴𝑠
) ≤ 0.9
𝐴𝑠 + 𝐴𝑐

𝐸𝑐 = 4700 √𝑓𝑐′

(5.7)
(MPa)

(5.8)

where 𝐸𝑠 and 𝐸𝑐 are the modulus of elasticity of the steel and concrete, respectively, 𝐼𝑠
and 𝐼𝑐 are the second moment of area of the steel and concrete, respectively, and 𝐶3 is
the coefficient of concrete effective stiffness.

In order to compare the experimental results with prediction results based on the
recommendations in ANSI/AISC 360-10 (AISC, 2010), the partial safety factor (∅𝑐𝑜 )
was taken as 1 in this study. The ratios of experimental results to the estimate from the
design standard (𝑁𝑒𝑥𝑝 ⁄𝑁𝑐 ) for SCFT specimens is reported in Table 5.5. The values of
average nominal member capacity 𝑁𝑐 predicted by the design standard were found to be
conservative. The average 𝑁𝑒𝑥𝑝 ⁄𝑁𝑐 ratios for the specimens in Group SCFT26.9 and
Group SCFT33.7 were 1.167 and 1.134, respectively, with standard deviations of 0.061
and 0.075, respectively. It is noted here that the above comment does not constitute a
criticism to the recommendations in ANSI/AISC 360-10 (AISC, 2010), as the design
recommendation in ANSI/AISC 360-10 (AISC, 2010) are not intended for SCFT
specimens.
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Table 5.5: Comparison of experimental results with design provision in code for SCFT
specimens

SCFT26.9-C2

𝑁𝑒𝑥𝑝 : kNa
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𝑁𝑐 : kNb
90.2

𝑁𝑒𝑥𝑝 ⁄𝑁𝑐
1.297

SCFT26.9-C4

104.2

89.2

1.168

SCFT26.9-C6

103.4

87.7

1.179

SCFT26.9 SCFT26.9-C8

97.9

85.6

1.144

SCFT26.9-C10

93

83

1.121

SCFT26.9-C12

90.9

79.8

1.139

SCFT26.9-C14

85.8

76.3

1.124

SCFT33.7-C2

164

126.6

1.295

SCFT33.7-C4

143.1

125.1

1.144

SCFT33.7-C6

137.2

122.7

1.119

SCFT33.7 SCFT33.7-C8

132.9

119.3

1.114

SCFT33.7-C10

125.9

115.1

1.094

SCFT33.7-C12

117.8

110.1

1.070

SCFT33.7-C14

115.3

104.6

1.103

Group

Specimen

a

𝑁𝑒𝑥𝑝 is the average ultimate load capacity of two SCFT specimens tested under axial compression.

b

𝑁𝑐 is the nominal member capacity of SCFT specimens calculated from the design standard.

5.7 Conclusions
Based on the experimental investigation presented in the present study, the following
conclusions can be drawn:
(a) The axial load capacity of SCFT specimens was found to be higher than the axial
load capacity of corresponding UT specimens owing to the effect of the concrete
infill. The average axial load capacity of the specimens in Groups SCFT26.9 and
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SCFT33.7 were 30% and 49% higher than the average axial load capacity of the
specimens in Groups UT26.9 and UT33.7, respectively. The greater effect of the
infill concrete was observed for specimens tested with 𝐿/𝐷 ratio of 2 and 4.
(b) For 𝐿/𝐷 ratios of 2 and 4, the compressive failure in the UT specimens occurred as a
result of local elephant’s foot buckling. However, the compressive failure in the
SCFT specimens was different to the compressive failure in the UT specimens. For
SCFT specimens with 𝐿/𝐷 ratio of 2 and 4, the first peak axial load occurred with
small bulges along the steel tube specimen. Then, the axial load continued to
increase due to extension of small bulges during the compression test. The small
bulges were extended as an expansion of the concrete core after the steel yielding.
Finally, the specimens failed by crushing the concrete core owing to an increase in
outward local buckling of the steel tube.
(c) For the 𝐿/𝐷 ratio ≥ 6, the compressive failure modes of UT specimens changed from
local elephant’s foot buckling to global buckling. Global buckling failure was
observed to occur as a bend in a sharp angle near the mid-height of the tube (inward
buckling). For SCFT specimens, the failure also occurred due to global buckling of
the specimens. However, the SCFT specimens with 𝐿/𝐷 ratio ≥ 6 gradually lost the
axial load capacity due to the formation of small bulges in the middle of the steel
tube. The small bulges prevented the occurrence of sudden failure as a result of
global buckling of the specimen.
(d) The design recommendations in the American standard ANSI/AISC 360-10 (AISC,
2010) for CFT columns conservatively predicted the experimental axial load
capacity of the SCFT.
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CHAPTER 6: BEHAVIOUR OF SELF-COMPACTING CONCRETE
COLUMNS REINFORCED LONGITUDINALLY WITH STEEL
TUBES

Summary
This chapter experimentally investigates the behaviour of longitudinal steel tube
reinforced SCC columns under different loading conditions. Two different sizes of
small-diameter steel tubes are used in the study. The cross-sectional areas of the steel
tubes are similar to the cross-sectional areas of reference steel bars. The main
parameters investigated in the experimental programme included longitudinal
reinforcement (deformed steel bars and steel tubes), size of the steel tube and the pitches
of the steel helix. This study also revealed the challenges associated with using steel
tubes as longitudinal reinforcement in SCC column specimens due to slip of steel tubes
in concrete and explores remedial measures for the slip of steel tubes.

The next chapter (Chapter 7) presents the analytical model for the axial load-axial
deformation behaviour of SCC columns reinforced with steel tubes. The developed
analytical model has been validated with the experimental results of this chapter.
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Hadi MNS, Alhussainy F, Sheikh MN. (2017). "Behavior of self-compacting concrete
columns reinforced longitudinally with steel tubes." Journal of Structural Engineering
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Abstract
This study investigates the behaviour of self-compacting concrete (SCC) specimens
reinforced with small-diameter steel tubes in lieu of reinforcing bars. Twenty specimens
were cast and tested. Four specimens were reinforced with normal steel bars (reference
specimens) and the remaining 16 with steel tubes. All specimens contained steel helices
with a pitch of either 50 mm or 75 mm. Deformed steel bars of 16-mm diameter were
used in the four reference specimens as longitudinal reinforcement. Steel tubes of 33.7mm outside diameter with 2-mm wall thickness (ST33.7) and steel tubes of 26.9-mm
outside diameter with 2.6-mm wall thickness (ST26.9) were used as longitudinal
reinforcement in the remaining 16 specimens. The specimens were divided into five
groups with four specimens in each group. From each group, one specimen was tested
under concentric load, one under 25-mm eccentric load, one under 50-mm eccentric
load and one under flexural load. Although the nominal yield tensile strength of steel
bar was 150 and 250 MPa greater than the nominal yield tensile strength of steel tubes
ST33.7 and ST26.9, respectively, the results revealed that steel tube reinforced selfcompacting concrete (STR SCC) specimens have ultimate load similar to reference
specimens. Ductility of concentrically loaded STR SCC specimens was higher than that
of the reference specimen. This study also reveals the challenges associated with using
steel tubes as longitudinal reinforcement in STR SCC column specimens due to slip of
steel tubes in concrete and explores remedial measures for the slip of steel tubes.

Keywords: Composite columns; self-compacting concrete; steel bars; steel tubes;
stress-strain behaviour; debonding; concrete and masonry structures.
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6.1 Introduction
Performance of concrete column has been widely improved by using composite material
systems such as encased sections and concrete-filled tubes (Shanmugam and Lakshmi
2001). Different combinations of encased section and steel section were widely studied.
The characteristics of the composite columns are governed by the geometric
configuration and strength of materials. Steel sections and concrete have been used to
construct composite columns with different cross sections. The synergies between steel
and concrete in composite columns provide better performance in terms of high
strength, stiffness, ductility, as well as fire and seismic resistance (Sakino et al. 2004;
Giakoumelis and Lam 2004; Choi and Xiao 2010). Concrete-filled steel tube (CFT)
columns consist of a steel tube and concrete infill. In some cases, internal steel
reinforcement is used to provide proper connections between the concrete members
(Moon et al. 2013). Another advantage of using internal steel reinforcement is that it
enhances the strength of the concrete columns because the concrete core of these
columns is confined by both steel-tube and internal-confinement reinforcement
(Xiamuxi and Hasegawa 2012). Steel tube confines the concrete in a triaxial state.
Therefore, a few stirrups can be used in the reinforced concrete column confined with
thin-walled steel tube (Wang et al. 2015).

Composite columns offer considerable improvements over conventional columns
reinforced with steel bars and are used in many structural applications. In traditional
reinforced concrete columns, solid steel bars are used as longitudinal reinforcement. In
this study, small-diameter steel tubes were used as longitudinal reinforcement for
concrete columns. Steel tubes that have the same cross-sectional area as solid bars have
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a higher second moment of area and radius of gyration than solid bars. Filling these
steel tubes with concrete can further increase the yield and ultimate strength as well as
the ductility of the concrete columns under axial compression load. This is because the
concrete infill will contribute in delaying the local buckling and converts the failure
mode of the steel tube wall from inward to outward (AISC 2010). For eccentric and
flexural loading, using concrete-filled steel tubes in lieu of solid bars may increase the
stiffness of the cracked concrete section of the specimens because the second moment
of area of the cracked cross section for the steel tube reinforced specimen is slightly
higher than that of the steel-bar-reinforced specimen. This is mostly due to the presence
of the confined concrete inside the steel tubes. In addition, a circular tube section
provides better confinement of concrete than other tube sections because the tube wall
resists the concrete pressure by membrane-type hoop stresses instead of the plate
bending (Sehneider 1998). Because the diameter of these steel tubes is quite small to be
filled with the normal concrete, high-flowability concrete is needed to completely fill
the tube without segregation, self-compacting concrete (SCC) is considered a suitable
option.

SCC is an innovative material that can be used in complex forms and members that
contain congestion of reinforcement, without needing vibration because it is able to
compact under its own weight (Goodier 2003; De Schutter 2005; EFNARC 2005). Han
and Yao (2004) showed that SCC is very suitable for CFT columns because the
rheological properties of SCC. Roeder et al. (2010) indicated that the empty tube could
be filled with concrete rapidly by using SCC, without requiring any vibration.
Muciaccia et al. (2011) explained that the use of SCC in concrete-filled steel-tube
columns provides ease in constructing difficult shapes and reduces cost because no
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vibration is required. It was also found that the use of SCC in lieu of normal concrete
did not affect the design requirements of the CFT columns. Use of SCC can help in
investigating new types of composite concrete columns in order to gain better stiffness,
ductility and strength of concrete columns.

The above review of literature shows that no study has yet been conducted on the
behaviour of concrete columns reinforced with longitudinal small-diameter steel tubes.
It is expected that the use steel tubes filled with SCC as reinforcement will decrease the
overall buckling of longitudinal reinforcement and consequently increase the ductility of
the column. Also, steel tubes will effectively confine the infill concrete, resulting in an
increase of the axial compressive strength. Hence, significant investigative research is
needed to explore the behaviour of columns reinforced with small-diameter steel tubes
filled with SCC (STR SCC column). This study provides a basis for using steel tubes
instead of the conventional steel reinforcing bars as a new method for reinforcing
concrete columns. It also reveals the problems associated with the use of plain steel
tubes as longitudinal reinforcement in STR SCC column specimens because of the slip
of steel tubes in concrete. Remedial measures for the problem associated with the slip of
steel tubes have also been investigated.

6.2 Experimental Program
A total of 20 circular SCC specimens reinforced longitudinally with steel bars and tubes
were cast and tested at the High Bay Laboratory of the University of Wollongong,
Australia. All specimens had the same dimensions: 240 mm in diameter, 800 mm in
height, and a height-to-diameter (H/D) ratio of 3.3. The dimensions of the tested
specimens were chosen to be suitable to the conditions and capacity of the available
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testing facilities in the laboratory. A vertical-support member with a height-to-diameter
ratio greater than or equal to 2.5 is considered as a column in Canadian Standards
CAN/CSA S6-06 (CSA 2006). Moreover, ACI 318-11 (ACI 2011) defined a column as
a member mainly used to support the axial compressive load with a height-to-leastlateral-dimension ratio greater than 3.

The SCC mix with a nominal compressive strength of 50 MPa was used in casting the
specimens. The maximum aggregate size used in the SCC mix was 10 mm. The mix
proportion of the SCC used in this study is shown in Table 6.1. All longitudinal steel
tubes (33.7 and 26.9-mm outside diameters) were also filled with the SCC during the
casting of the specimens. The specimens were divided into five groups with four
specimens in each group. From each group, one specimen was tested under concentric
load, two specimens were tested under 25 and 50-mm eccentric loads, and the last
specimen was tested as a beam under flexural load (four-point load bending). The first
group contained specimens reinforced with steel bars and considered as reference
specimens, and the remaining specimens were reinforced with steel tubes.

Table 6.1: Mix proportion of the SCC used in this study
Material
Cement
Fly ash
Slag
Fine aggregate
Coarse aggregate
Water
High-range water reducer (HRWR)
Water-to-Powder ratio
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Quantity
280 kg/m3
120 kg/m3
50 kg/m3
950 kg/m3
780 kg/m3
182 kg/m3
3.375 l/m3
0.4

All specimens were reinforced transversally with plain R10 (10-mm-diameter plain steel
bars) steel helices with a nominal tensile strength of 250 MPa. The specimens in the
first group were reinforced longitudinally with six deformed steel bars of 16-mm
diameter and nominal tensile strength of 500 MPa. The specimens in the second and
third groups were reinforced longitudinally with six steel tubes of 33.7-mm outside
diameter, 2 mm in thickness, and nominal tensile strength of 350 MPa (ST33.7). The
remaining specimens in the fourth and fifth groups were reinforced longitudinally with
six steel tubes of 26.9-mm outside diameter, 2.6 mm in thickness and nominal tensile
strength of 250 MPa (ST26.9). Steel helices with 50-mm pitch were used in reinforcing
the specimens transversally in the first, second, and the fourth groups. The pitch of the
steel helix satisfies ACI 318-14 (ACI 2014) requirements. The specimens in the third
and fifth groups were reinforced transversally with 75-mm-pitch steel helices. The
specifications and reinforcement details of tested specimens are shown in Table 6.2 and
Figure 6.1.
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Table 6.2: Details of tested specimens

Longitudinal reinforcement
Group
name

N16-H50

ST33.7-H50

ST33.7-H75

ST26.9-H50

ST26.9-H75

Specimen
labels

Number
of bars
or tubes

N16-H50-C
N16-H50-E25
N16-H50-E50
N16-H50-F
ST33.7-H50-C
ST33.7-H50-E25
ST33.7-H50-E50
ST33.7-H50-F
ST33.7-H75-C
ST33.7-H75-E25
ST33.7-H75-E50
ST33.7-H75-F
ST26.9-H50-C
ST26.9-H50-E25
ST26.9-H50-E50
ST26.9-H50-F
ST26.9-H75-C
ST26.9-H75-E25
ST26.9-H75-E50
ST26.9-H75-F

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

Outside
diameter
of bars or
tubes (mm)
16 (N16)
16 (N16)
16 (N16)
16 (N16)
33.7
33.7
33.7
33.7
33.7
33.7
33.7
33.7
26.9
26.9
26.9
26.9
26.9
26.9
26.9
26.9

Thickness Reinforcement
of tubes,
ratio,  s
(mm)
(%)
_____
_____
_____
_____

2
2
2
2
2
2
2
2
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
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2.67
2.67
2.67
2.67
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.64
2.63
2.63
2.63
2.63
2.63
2.63
2.63
2.63

Transverse
reinforcement
Pitch
Reinforcement
(mm)
ratio,  s
(%)
50
50
50
50
50
50
50
50
75
75
75
75
50
50
50
50
75
75
75
75

3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3
2.2
2.2
2.2
2.2
3.3
3.3
3.3
3.3
2.2
2.2
2.2
2.2

Loading
modes

Concentric
e = 25 mm
e = 50 mm
Flexural
Concentric
e = 25 mm
e = 50 mm
Flexural
Concentric
e = 25 mm
e = 50 mm
Flexural
Concentric
e = 25 mm
e = 50 mm
Flexural
Concentric
e = 25 mm
e = 50 mm
Flexural

Group N16-H50

Group ST33.7-H50

Group ST33.7-H75

Group ST26.9-H50

Figure 6.1: Reinforcement details of test specimens
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Group ST26.9-H75

Table 6.2 shows the group names and specimen labels. The groups are labelled in two
parts, and the specimens are labelled in three parts. In the first part of the group names
and specimen labels, the letters (N and ST) refer to the type of the longitudinal
reinforcement in the specimen. The letter N refers to deformed steel bars, and the letters
ST refer to the steel tubes. The number 16 refers to deformed steel bars of 16-mm
diameter with a nominal tensile strength of 500 MPa. The number 33.7 refers to the
steel tubes with 33.7-mm outside diameter and 2-mm wall thickness and with a nominal
tensile strength of 350 MPa. The number 26.9 refers to the steel tubes with 26.9-mm
outside diameter and 2.6-mm wall thickness and with a nominal tensile strength of 250
MPa. In the second part of the group names and specimen labels, the set of a letter and
numbers refer to the helix pitch. H50 represents a 50-mm pitch and H75 represents a 75mm pitch of the transverse reinforcement. In the third part of the specimen label refers
to the type of the loading condition. The C refers to the concentric loading, E25 refers to
the 25-mm eccentric loading, E50 refers to the 50-mm eccentric loading and F refers to
the flexural loading (four-point load bending). For example, ST33.7-H50-E50 refers to
the specimen that reinforced longitudinally with six ST33.7 steel tubes and transversally
with a pitch of 50-mm helix and tested under 50-mm eccentric load.

6.3 Material Properties
Self-compacting concrete was prepared according to EFNARC (2002) method. A
number of concrete mixes were investigated to achieve self-compacting concrete. The
properties of fresh concrete were tested according to ASTM C1610-14 (ASTM 2014d);
ASTM C1611-14 (ASTM 2014c) and ASTM C1621-14 (ASTM 2014b). For the waterto-powder ratio of 0.4, column segregation test according to ASTM C1610-14 (ASTM
2014d), slump flow test according to ASTM C1611-14 (ASTM 2014c) and J-ring test
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according to ASTM C1621-14 (ASTM 2014b) were carried out. The test results were
found to be satisfactory. All the specimens were cast using ready-mixed selfcompacting concrete supplied by a local company. The average compressive strength of
the SCC was 57 MPa at 28 days. Two different steel bars were used in this study,
deformed steel N16 bars (16-mm-diameter deformed bars with 500-MPa nominal
tensile strength) for longitudinal reinforcement in the first group (reference specimens)
and plain mild steel R10 bars (10-mm-diameter plain bars with 250-MPa nominal
tensile strength) for transverse reinforcement in all specimens. Three samples of N16
deformed bars and R10 plain bars were tested in accordance with Australian Standard
AS 1391-2007 (AS 2007). Results of testing revealed that the N16 steel bar experienced
strain hardening behaviour with an obvious yield stress; however, the yield stress of the
R10 plain bar was not easily identified and was determined using the 0.2% proof stress.
The average tensile strengths and elastic modulus of N16 bars were 556 MPa and 200
GPa, respectively. The average tensile strength and elastic modulus of R10 bars were
400 MPa and 195 GPa, respectively.

Two different steel tubes were used to reinforce remaining specimens in the longitudinal
direction: steel tubes ST33.7 and ST26.9. Three samples of each ST33.7 and ST26.9
tubes were tested in accordance with ASTM A370-14 (ASTM 2014a). Steel plugs were
designed based on the inner diameters of the steel tubes to suit the 29.7 and 21.7-mm
steel tubes in tensile testing. Yield stresses of both steel tubes were not easily identified
with a strain plateau and were instead determined using the 0.2% proof stress. The
average tensile strength and elastic modulus of ST33.7 were 450 MPa and 196 GPa,
respectively. The average tensile strength and elastic modulus of ST26.9 were 355 MPa
and 192 GPa, respectively.
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The bond stress between different longitudinal reinforcement and SCC was determined
using pullout tests according to RILEM (1983). For each reinforcing type, three
specimens were tested on the 28th day. The average bond stress of N16 steel bars was 19
MPa at failure. The specimens with N16 steel bar failed because of pullout. The average
bond stress of ST33.7 and ST26.9 steel tubes filled with the SCC was 1.5 and 0.75 MPa,
respectively, at failure. The specimens with SCC-filled ST33.7 and ST26.9 failed
because of slip.

6.4 Specimen Preparation and Testing
6.4.1 Formwork
PVC pipes with a 240 mm inner diameter were used as formwork moulds for the
concrete column specimens. The PVC pipe was cut for a length of 800 mm. Twenty
pieces of PVC pipe moulds were prepared. These pipe moulds were then fixed to a nonabsorbing plywood base plate. The formwork was constructed to keep both the top and
bottom of the moulds in a fixed plumb position. The formwork was secured to a rigid
pallet onto which the base plate was mounted as shown in Figure 6.2.
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Figure 6.2: Construction of formwork

6.4.2 Longitudinal and Transverse Reinforcement
The internal longitudinal reinforcement bars and steel tubes were prepared and cut at
760 mm in order to provide 20 mm clear cover at the top and bottom of the
reinforcement cage. In addition, the transverse steel helices were formed with a 200-mm
outer diameter and pitches of 50 and 75 mm. In constructing the reinforcing cages, the
longitudinal reinforcement was tied with equal spacing to the inside of the helices
following the test matrix in Table 6.2 and Figure 6.1.
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To construct the reinforcement cages, two 12-mm-thick circular plastic templates were
made. The diameters of the holes in the templates were designed to suit various tube and
bar sizes as well as to maintain the inner diameter of the helix as 180 mm. Circular
Template 1 was designed to hold both ST26.9 and ST33.7 steel tubes, whereas Circular
Template 2 was designed to hold the N16 bars. Figure 6.3 shows the circular template
schematics. Each circular template contained six half-circle holes at the circumference
to hold the longitudinal reinforcement. These holes were created at equal distances on
the circumference of the circular template. The two identical circular templates were set
up parallel to each other at the top and bottom by using a threaded steel rod. Hex steel
nuts, washers, and lock washers were used to fix these two circular templates at the
required distance to the threaded steel rod.

Circular template 1

Circular template 2
Figure 6.3: Circular templates
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Figures 6.4(a & b) show the setup of circular templates for different longitudinal
reinforcement. In addition, two aluminium forms were designed as a spacer for holding
the helices at the desired pitch, as shown in Figure 6.4(c). The aluminium forms have
grooves to adjust the spacing of helices at 50 and 75 mm. All longitudinal steel bars or
steel tubes were tied together with the helix by using tie wire. Figure 6.5 shows 20
fabricated reinforcing cages.

Figure 6.4: Fabrication of reinforcement cages: (a) longitudinal steel bars; (b)
longitudinal steel tubes; (c) transverse reinforcement
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Group
Group
Group
Group
Group
N16-H50 ST33.7-H75 ST26.9-H75 ST33.7-H50 ST26.9-H50

Figure 6.5: Fabricated reinforcing cages

6.4.3 Testing of the Specimens
The Denison 5,000-kN compression testing machine (London, U.K.) was used for the
testing of all specimens. Of the 20 specimens, 15 were tested as columns in compression
tests. The top and bottom of the column specimens were wrapped by two layers of
carbon fibre-reinforced polymer (CFRP) sheets with 100-mm overlap to avoid
premature failure of the concrete during axial compression tests. Also, the top and
bottom end surfaces of the columns were capped with high-strength plaster to ensure a
uniform distribution of the applied loads. The plaster was poured into the loading head
moulds at the bottom end first and left to cure for 30 min before the column specimen
was turned over, and similarly the plaster was poured into the top loading head mould in
order to cap the top end.
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For applying the eccentric loading on the column, steel loading heads manufactured at
the University of Wollongong were used. The loading heads were used to transfer the
load generated by the machine into the column specimen causing lateral deflection (δ).
Steel loading heads consisted of two parts: a circular steel plate adapter and a steel plate
with a ball joint, as shown in Figure 6.6(a). A steel ball joint was installed on a steel
plate to induce eccentricities (e) of 25 and 50 mm to the top and bottom loading heads.
Concentric loading, however, was applied directly through the circular steel plates
attached at both ends of the column specimen without any steel ball joints. To measure
the axial deformation of the column specimens, two linear variable differential
transformers (LVDT) were used. The LVDTs were connected directly to the machine
loading heads at opposite corners. A laser optical displacement sensor (LODS) was
attached at the midheight of the test specimen to measure lateral displacement under
eccentric loading. In addition, before casting, strain gauges were attached on the two
opposite longitudinal reinforcements (bars and tubes) to measure axial strain. The
LVDTs, LODS, and strain gauges were connected to the data logger, which recorded
measurements and saved them on the control computer. Figure 6.6(b) shows the typical
test setup of column specimens.
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Circular steel plate adapter

Steel plate with ball joint

(a) Loading heads

(b) Setup details of specimen

Figure 6.6: Typical test setup of column specimens: (a) loading heads; (b) setup details of specimens
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Five specimens were tested as beams under flexural load (four-point load bending). The
flexural loading system consisted of two circular steel loading rigs at the top and bottom
of the beam specimens. These rigs were manufactured at the University of Wollongong
to suit the Dension testing machine and 240-mm-round specimens. The specimens were
tested by using a four-point load-bending arrangement with the loads applied at L/3
distance from the supports, where L is the span length. To measure the midspan
deflection (𝛿) of the beam specimen, the same LODS was placed centrally underneath
the rig. A slot at the bottom support of the rig allowed the LODS to optically measure
the deflection. The LODS was connected to the data logger, which recorded the results.
Figure 6.7 shows the schematic details of the four-point load-bending test arrangements.
All tests were carried out at the displacement controlled loading rate of 0.3 mm/min,
and the data was recorded at every 2 s.

𝑷
Before Loading

After Loading

𝛿

Laser Optical Displacement Sensor
𝑙
3

𝑙
3

𝑙
3

Figure 6.7: Four-point load-bending test arrangements
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6.5 Experimental Results and Analysis
6.5.1 Column Specimens under Concentric Load
Five specimens were tested under concentric axial compression until failure. Table 6.3
reports the test results. Figure 6.8 shows the axial load-axial deformation diagrams of
the five concentrically tested specimens. For all specimens, initial failure of the concrete
cover started with cracks after the maximum load was reached. As the loading
continued to increase, the buckling of longitudinal reinforcement occurred at the
midheight of the column specimens. Finally, the specimens failed by fracture of the
steel helices at the midheight. The failure modes of the specimens are shown in Figure
6.9. The average strains in the longitudinal steel bars and steel tubes indicated that steel
bars and tubes yielded at the maximum axial load. The axial deformation corresponding
to the first helix fracture in Specimen N16H50C was 20 mm, whereas in Specimens
ST33.7H50C and ST26.9H50C, it was 33.5 and 36 mm, respectively. Specimen
N16H50C had a lower axial deformation at the first fracture because the N16 steel
deformed bar buckled earlier than the steel tubes. Consequently, more pressure was
applied on the steel helix, causing the yielding and fracture of steel helices. Because of
the different tensile strengths, the force contributions of steel tubes ST33.7 and ST26.9
in Specimens ST33.7H50C and ST26.9H50C were less than the N16 steel bars in
Reference Specimen N16H50C by 19.9 and 37%, respectively. Nevertheless, Specimen
ST33.7H50C had similar yield and maximum load as Reference Specimen N16H50C.
Specimen ST26.9H50C had only 5% less maximum load than the reference specimen.
Circular steel tubes provided confinement to the concrete and increased the compressive
strength of concrete, which resulted in enhancing the capacity of the columns.
Moreover, the ultimate axial deformation at failure for Specimens ST33.7H50C and
ST26.9H50C were higher than for Reference Specimen N16H50C (Table 6.3).
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Table 6.3: Results of specimens tested under concentric loading
Property
Yield load
(kN)
Correspondin
g axial
deformation
(mm)
Maximum
load (kN)
Correspondin
g axial
deformation
(mm)
Ultimate axial
deformation
(mm)*
Ductility

Specimen
N16H50C

ST33.7H50C

ST26.9H50C

ST33.7H75C

ST26.9H75C

2505

2500

2375

2395

2275

2.35

2.45

2.35

2.65

2.2

2734

2729

2598

2633

2443

3.08

3.29

3.03

3.44

2.79

20

33.5

36

26.2

30.4

16.96

22

22.84

13.91

18.91

* Ultimate axial deformation was defined by the fracture of the steel helices.

Figure 6.8: Axial load-axial deformation diagrams of specimens tested under concentric
loading
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Figure 6.9: Failure modes of column specimens tested under concentric compression
For the increase of the pitch of helices from 50 to 75 mm in the specimens reinforced
with steel tubes ST26.9, the maximum axial load reduced by 6%, whereas, increasing
the pitch of helices from 50 to 75 mm in the specimens reinforced with steel tubes
ST33.7 resulted in a maximum axial load decrease of only 3.5%. The reason for the
differences in the reduction of maximum axial load is associated with the slenderness
(𝐿/𝐷) ratio for steel tubes. The slenderness of steel tube ST26.9 is higher than that of
steel tube ST33.7. From the test results, it was observed that specimens reinforced with
ST33.7 steel tubes had a yield and maximum load capacity greater than specimens
reinforced with ST26.9 steel tubes. This is because ST33.7 has higher nominal tensile
strength than ST26.9. Moreover, the larger internal diameter of the ST33.7 tubes
allowed for a large amount of concrete to be filled inside the tube, which contributed in
increasing the capacity of the specimens, just as the confined concrete inside the tube
positively contributed to the compressive strength of the specimens.
134

To study the behaviour of circular column specimens reinforced longitudinally with
steel tubes, it is important to investigate the ductility of the specimens, which provides
an indication of the post-peak axial load-axial deformation behaviour. In this paper, the
ductility was calculated as the ratio of the area under the curve up to the ultimate
deformation to the area under the curve up to the yield deformation (Hadi 2009). In
order to specify yield deformation, the secant line was drawn from the origin to the
point of 0.75 times of the first peak load. Then, the yield deformation was specified on
the ascending load-deformation curve as corresponding to the intersection point of the
extension secant line and a horizontal line from the first peak load (Foster and Attard
1997).

For concentric loads, the ductility of the column specimens reinforced with steel tubes
was higher than that of the column specimens reinforced with steel bars for the same
pitch of helix. The ductility of Specimens ST33.7H50C and ST26.9H50C was 30%
higher than that of the reference specimen (Table 6.3). In spite of increasing the helix
pitch from 50 to 75 mm in Specimen ST26.9H75C, the ductility of Specimen
ST26.9H75C was 11% higher than that of the reference specimen; however, Specimen
ST33.7H75C had a lower ductility than the reference specimen by 18%. This is mainly
because Specimen ST33.7H75C has higher yield deformation than the reference
specimen by about 13% (Table 6.3).

6.5.2 Column Specimens under Eccentric Load
Ten specimens were tested under eccentric loading: five under 25-mm eccentric load
and five under 50-mm eccentric load. Test results of specimens under 25-mm eccentric
loading are given in Table 6.4.
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Table 6.4: Results of specimens tested under 25-mm eccentric loading
Property
Yield load
(kN)
Corresponding
axial
deformation
(mm)
Maximum
load (kN)
Corresponding
axial
deformation
(mm)
Corresponding
lateral
deformation
(mm)
Ultimate axial
deformation
(mm)*
Ductility

Specimen
N16H50E25

ST33.7H50E25

ST26.9H50E25

ST33.7H75E25

ST26.9H75E25

1690

1685

1650

1675

1545

2.6

2.4

2.5

2.5

2.35

1824

1820

1780

1782

1631

3.11

2.93

3.24

3.18

2.86

2.49

2.42

2.95

2.04

2.47

26.3

20.2

20.7

20

20.2

13.1

8.56

8.3

7.23

7.37

* Ultimate axial deformation was defined by 75% of the maximum load.

Figure 6.10 shows the axial load-axial deformation and axial load- lateral deformation
diagrams of the specimens under 25-mm eccentric loading. For all specimens tested, the
initial failure occurred as a result of cracks in the concrete cover once the specimens
reached their maximum load. This was followed by a small drop in the maximum load
due to spalling of concrete cover. After that, Reference Specimen N16H50E25 showed
an increasing load. The load increased to a value less than the first maximum load. On
the other hand, specimens reinforced with steel tubes showed a steady reduction in the
load-deformation curve after spalling of the concrete cover. This is because debonding
between steel tubes and concrete took place during the testing. For specimens reinforced
with steel tubes, the failure occurred as results of a buckling of the longitudinal steel
tubes in the compression region, whereas the failure of the reference column specimen
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occurred because of a fracture in one of the longitudinal bars in the tension region
combined with buckling in the longitudinal bars in the compression region, as shown in
the Figure 6.11. After completion of the testing, by drilling holes in the specimens, the
slip in both steel bars and steel tubes was measured using a measurement tape. It was
found that the slip in steel tube was 20 mm, whereas no slip was observed in the N16
steel bars.

Figure 6.10: Axial load-axial deformation and axial load-lateral deformation diagrams
of specimens tested under 25-mm eccentric loading
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(b)

(a)

(c)

Figure 6.11: Failure mode of Reference Specimen N16H50E25: (a) specimen after
failure; (b) tension region; (c) compression region

To overcome the slip of steel tubes for column specimens reinforced with steel tubes
under eccentric loading, 4-mm-thick washers with inner diameters of 34 and 27 mm
were welded to both ends of ST33.7 and ST26.9 steel tubes, respectively. The washers
were cut to three-quarters of the shape. An initial attempt to prevent debonding was
made on Specimens ST33.7H75E50 and ST26.9H75E50. First, the locations of the steel
tubes were identified by mildly drilling the concrete cover at the top and bottom of the
specimens. Second, a ring of the concrete cover was removed carefully by using a chisel
and hummer in order to reveal the ends of the steel tubes. Third, the washers were fitted
and properly welded around the ends of the tubes. Finally, high-strength plaster
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(compressive strength of 70 MPa) was used to fill the concrete cover. Figure 6.12 shows
the details of the remedial measure for the slip of the steel tubes.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.12: Remedial measure for the slip of steel tubes: (a) specimen before repairing;
(b) drilling of concrete cover; (c) specimen after removing concrete cover above tubes;
(d) washers fitted on tubes; (e) welding of washers; (f) plaster infill.

Results of testing Specimens ST33.7H75E50 and ST26.9H75E50 indicated that slip still
occurred even after the repair. This is because the concentrated stresses on the washers
led to bending of the washers and tearing of the tubes near the welding area at both ends
of the tube in the tension region. To solve this, for the remaining ST33.7H50E50 and
ST26.9H50E50 specimens, two washers were welded at both ends of the longitudinal
steel tubes in the tension region of each specimen (Figure 6.13). This was done in an
attempt to distribute the tensile strain over four anchor points and prevent the first
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washer from bending by supporting it by the second washer and to increase the resistant
capacity of the steel tube wall before tearing at the ends and overall slip.

(a)

(b)

Figure 6.13: Configuration of two washers: (a) washers before welding; (b) washers
after welding

Test results of specimens under 50-mm eccentric loading are reported in Table 6.5.
Figure 6.14 shows the axial load-axial deformation and axial load-lateral deformation
diagrams of the specimens tested under 50-mm eccentric loading. For all specimens
tested, the initial failure occurred as a result of cracks within the concrete cover once the
specimens reached their maximum load. This was followed by a small drop in the
maximum load due to spalling of the concrete cover. After that, Reference Specimen
N16H50E50 showed an increasing load. The load increased to a value less than the first
maximum load. Axial load then steadily decreased until the failure occurred because of
yielding of the longitudinal bars in the tension region combined with buckling of the
longitudinal bars in the compression region. Specimen ST33.7H50E50 experienced a
similar yield point to the reference specimen after initial spalling of the concrete cover,
but the tube tearing and failure did not occur at the centre.
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Table 6.5: Results of specimens tested under 50-mm eccentric loading
Property
Yield load
(kN)
Corresponding
axial
deformation
(mm)
Maximum
load (kN)
Corresponding
axial
deformation
(mm)
Corresponding
lateral
deformation
(mm)
Ultimate axial
deformation
(mm)*
Ductility

Specimen
N16H50E50

ST33.7H50E50

ST26.9H50E50

ST33.7H75E50

ST26.9H75E50

1200

1145

1185

1150

1100

2.5

2.4

2.5

2.4

2.35

1300

1233

1267

1240

1175

2.78

2.84

2.9

2.92

2.73

2.94

2.87

3

3.5

3.24

20.7

14.7

20.7

18.4

25.1

11.54

8.7

8.63

7.56

9.78

* Ultimate axial deformation was defined by 75% of the maximum load.

Figure 6.14: Axial load-axial deformation and axial load-lateral deformation diagrams
of specimens tested under 50-mm eccentric loading
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Similarly for Specimen ST26.9H50E50, two washers were welded at both ends of the
longitudinal tubes that were supposed to be in the tension region during testing;
however, during testing, the tubes with washer were placed inadvertently in the
compression region rather than in the tension region, resulting in a steady reduction in
the load-deformation curve after the spalling of the concrete cover. As in Specimens
ST26.9H75E50 and ST33.7H75E50, the tubes tore around the single washers after
reaching the maximum load, causing a slip with no signs of ductile behaviour; however,
placing the tubes with double washers in the compression region resulted in a higher
load-carrying capacity compared to Specimen ST33.7H50E50. This indicated that the
slip may occur in tubes in compression loads as well as in tension under 50-mm
eccentric loads. After the spalling of the concrete cover, the tube was compressed, and
the double washers prevented slip in the compression region in this case.

For 25-mm eccentric loads, the ductility of the column specimens reinforced with steel
tubes was lower than that of the column specimens reinforced with steel bars because of
slip of the steel tubes. For 50-mm eccentric loads, the ductility of the column specimens
reinforced with steel tubes was improved by the use of washers but was still lower than
that of the column specimens reinforced with steel bars.

6.5.3 Flexural Specimens
The remaining five specimens were tested under four-point load bending as beams. Test
results of specimens under flexural loading are reported in Table 6.6. Figure 6.15 shows
the load-midspan deflection diagrams of the specimens tested under flexural loading.
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Table 6.6: Results of specimens tested under flexural loading
Property
Yield load
(kN)
Corresponding
midspan
deflection
(mm)
Maximum
load (kN)
Corresponding
midspan
deflection
(mm)
Ultimate
midspan
deflection
(mm)*
Ductility

Specimen
N16H50F ST33.7H50F ST26.9H50F ST33.7H75F ST26.9H75F
510
490
385
458
350
4.5

4.95

5.1

4.75

4.35

592

541

443

511

401

26.8

7.2

9.07

6.59

6.02

44.1

47.5

39.8

37.9

23.9

17.55

12.49

9.63

11.7

8.52

* Ultimate midspan deflection was defined by the fracture of the bar/tube.

Figure 6.15: Load-midspan deflection of specimens tested under flexural loading
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The span-to-depth ratio of the test specimen is relatively short, and hence the failure
may not truly represent a pure bending condition; however, for uniformity and
consistency, specimen dimensions were kept the same as other specimens tested under
concentric and eccentric axial compression. It was expected that the steel tubes in the
tension region for the specimens under flexural would be subjected to higher tensile
stresses compared to the specimens under 25-mm and 50-mm eccentric loads, with a
high possibility that slip would occur. To prevent slip of steel tubes inside these
specimens, single washer and double washers were used in the compression and tension
regions, respectively. Because of the relatively large cross-sectional area of the
specimens, precautions were taken to avoid any bearing and shear failures. Bearing
plate spacers of 50-mm width were used on the testing rigs, and CFRP sheets were used
to wrap the specimen ends, leaving only one-third in the middle.

For all specimens, the failure mechanism was consistent. The initial failure occurred as
a result of cracks within the concrete cover in the middle when maximum load was
reached. This was followed by yielding and then fracture of the farthest bar or tube in
the tension region. Afterword, the other bars or tubes in the tension region either
fractured or kept yielding for a while and then fractured depending on the stresses
distribution and corresponding generated cracks. The failure modes of specimens tested
under flexural loading are shown in Figure 6.16. For specimens reinforced with steel
tubes, the initial slope of load-midspan deflection diagrams in the specimens reinforced
with tubes of a 350-MPa nominal tensile strength (ST33.7) was steeper than other
specimens reinforced with tubes of a 250-MPa nominal tensile strength (ST26.9). It is
clear that the large-diameter ST33.7 tube have a higher second moment of area, which
provides a higher stiffness combined with the higher nominal tensile strength of steel in
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the ST33.7 tubes. Also, the effect of tensile strength on the maximum load was higher
than the effect of pitch. The lowest value of the maximum load was in Specimen
ST26.9H75F, and followed by Specimen ST26.9H50F.

Figure 6.16: Failure modes of specimens tested under flexural loading

For flexural loads, the ductility of the specimens reinforced with steel tubes was lower
than that of the specimens reinforced with steel bars. The ductility of Specimens
ST33.7H50F and ST33.7H75F was less than the reference specimen by 29 and 33%,
respectively (Table 6.6). The reason for this is that the tensile strength of steel tubes was
lower than the tensile strength of the steel bars. In addition, the effect of tensile strength
of the longitudinal reinforcing steel on the ductility of specimens was higher than the
effect of the spacing of the pitch. The lowest value of the ductility was observed in
Specimens ST26.9H75F and ST26.9H50F (Table 6.6).
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6.5.4 Interaction Diagrams
The experimental axial load-bending moment (P-M) interaction of all specimen types is
shown in Figure 6.17. Four points, one each for concentric, 25-mm eccentric, 50-mm
eccentric, and flexural loading, were used to draw the P-M interaction diagrams. The
first point consists of maximum axial load for specimens tested under concentric load.
The second and the third points consist of the maximum axial load for specimens tested
under 25 and 50-mm eccentric loads and the corresponding bending moments,
respectively. The corresponding bending moments at the midheight of the columns
under 25 and 50-mm eccentric loads were calculated as in Equation (6.1).

𝑀 = 𝑃𝑀𝑎𝑥 (𝑒 + 𝛿)

(6.1)

Where 𝑀 and 𝛿 = moment and lateral deformation corresponding to the maximum axial
load (𝑃𝑀𝑎𝑥 ), respectively, and 𝑒 = the loading eccentricity. The fourth point consists of
only pure bending moment for the specimen tested under four-point bending. The pure
bending moments at midspan of the beams were calculated as in Equation (6.2).
𝑀𝑝 = (𝑃𝑀𝑎𝑥 𝑙)⁄6

(6.2)

Where 𝑀𝑝 = pure bending moment corresponding to the maximum load (𝑃𝑀𝑎𝑥 ) of the
tested beam specimen; and the 𝑙 = span length, or the distance between the supports.
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Figure 6.17: Experimental load-bending moment interactions for the tested specimens

Specimens of Group ST33.7H50 showed similar axial load-bending moment interaction
behaviour to the reference specimens of Group N16H50. At the concentric load and 25mm eccentric load, the axial load and bending moment capacities of specimens of
Group ST33.7H50 were similar to the axial load and the bending moment capacities of
the reference specimens of Group N16H50. At 50-mm eccentric load, the maximum
axial load of Specimen ST33.7H50E50 was lower than the maximum axial load of
reference specimen by 5%. This is because the use of a single washer for the
longitudinal steel tubes was insufficient for preventing the slip of tubes in the
compression region of the specimen. For flexural load, the bending moment of
Specimen ST33.7H50F was 3.4% lower than the bending moment of N16H50F because
of the lower tensile strength of longitudinal tube reinforcement compared to steel bars.
Increasing the pitch of the helices in the specimen from 50 mm to 75 mm resulted in the
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reduction of the axial load-carrying capacity and bending moments under concentric,
eccentric, and flexural loads of Group ST33.7H75.

At the concentric load and 25-mm eccentric load, specimens of Group ST26.9H50
showed lower axial load-carrying capacity compared to the specimens of Group
ST33.7H50 because of the lower tensile strength and small outside diameter steel tubes;
however, at 50-mm eccentric load, placing the steel tubes with double washers in the
compression region of Specimen ST26.9H50E50 resulted in a higher axial load-carrying
capacity and corresponding bending moment compared to Specimen ST33.7H50E50.
Under flexural loads, the bending moment of Specimen ST26.9H50F was 23.7% and
21% lower than the bending moment of Reference Specimen N16H50F and Specimen
ST33.7H50F, respectively. Similar to the specimens of Group ST33.7H75, increasing
the pitch of the helices in the specimen from 50 mm to 75 mm resulted in the reduction
of the axial load-carrying capacity and bending moments under concentric, eccentric,
and flexural loads of Group ST26.9H75. This indicates that the use of steel tubes with
similar tensile strength as the steel bars may show a higher axial load-carrying capacity
and corresponding bending moment in STR SCC specimens; however, the slip of steel
tubes should be prevented. Adequate use of washers may be considered a viable
solution.

Theoretical axial load-bending moment (P-M) interaction diagrams of all specimen
types were determined by a layer-by-layer integration method. The cross section of
concrete was assumed to consist of small parallel layers with a small thickness (𝑡) and a
variable width (𝑏𝑛 ), as shown in Figure 6.18.
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Centreline

Cross-section divided into 𝑛 number of layers

Strain distribution

Corresponding stress and force distribution

Figure 6.18: Layer-by-layer integration method
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The number of layers (𝑛) is calculated by dividing the diameter of the cross section (𝐷)
by the thickness of each layer. The cross section was divided into 240 small layers by
assuming the thickness of each layer equal to 1 mm. Based on the assumptions that
plane sections remain plane after bending, the strain (𝜀𝑐,𝑛 ) in the centre of each layer
can be calculated according to the linear distribution of strain, as a function of the depth
of neutral axis (𝑑𝑛 ) (Figure 6.18), which represents the distance from the extreme
concrete compressive fibre to the neutral axis (𝑁. 𝐴). After calculating the strain in each
concrete layer, the corresponding stress value (𝑓𝑐,𝑛 ) on the centre of each layer was
calculated according to the stress-strain model for unconfined concrete from Aslani and
Nejadi (2012). The tensile strength of concrete was ignored in the calculations. The
unconfined concrete strength was taken as 83% of 28-day cylinder compressive strength
according to AS 3600-2009 (AS 2009). The ultimate strain in extreme concrete
compressive fibre was considered as 0.003 according to AS 3600-2009 (AS 2009).

The force reaction in the centre of each concrete layer (𝑃𝑐,𝑛 ) was calculated by
multiplying the stress in each layer by the corresponding area of concrete in each layer
(𝐴𝑐,𝑛 ). The moment for each layer was calculated by multiplying the force in each layer
by the distance from the centre of each layer to the centreline of the cross section. The
total force of the concrete cross section was calculated as the summation of the forces
acting on the strips. The tensile forces are considered negative, whereas the compressive
forces are positive. In addition, the total moment of the concrete cross section was
calculated as the summation of the moments with respect to the centreline of the cross
section.
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Figure 6.19: Comparison between theoretical and experimental P–M interactions for the
tested specimens

Figure 6.19 compares the theoretical and the experimental P–M interactions for the
specimens tested in this study. It was found that the theoretical results were in good
agreement with the experimental results. The experimental bending moment of
specimens reinforced with N16 steel bar, ST33.7 steel tube, and ST26.9 steel tube tested
under four-point load bending was relatively greater than the calculated bending
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moment. This might be because specimens tested as beam had shear spans shorter than
twice the effective depth of the concrete cross section.

6.6 Conclusions
Use of small-diameter circular steel tubes filled with Self-Compacting Concrete (SCC)
in lieu of conventional steel bars was investigated in reinforcing the concrete column.
Hence, a new reinforcing method of the concrete column specimens was proposed in
this paper. Problems associated with the use of steel tubes as longitudinal reinforcement
in columns because of slip of steel tubes have been highlighted. The following
conclusions can be drawn.
1. Because the tensile strength of steel bars and steel tubes are different, the force
contribution of ST33.7 steel tubes in Specimen ST33.7H50 was found to be less than
the force contribution of N16 steel bars in the Reference Specimen N16H50 by
19.9%. In spite of less force contribution of steel tubes, Column Specimen
ST33.7H50 had similar yield and maximum load as Reference Specimen N16H50
under concentric and 25-mm eccentric axial compression. The yield loads of
Specimens N16H50 and ST33.7H50 were 2505 and 2500 kN, respectively. The
maximum loads of the Specimens N16H50 and ST33.7H50 were 2734 kN and 2729
kN, respectively. Hence, using steel tubes with similar tensile strength to steel bars
might result in a higher maximum load capacity.
2. For concentric load and 25-mm eccentric load, specimens reinforced with ST33.7
steel tubes had a maximum load capacity greater than specimens reinforced with
ST26.9 steel tubes. For 50-mm eccentric load, however, Specimen ST26.9H50E50
showed a maximum load higher than that of Specimen ST33.7H50E50 because of
the slip of ST33.7 steel tubes.
152

3. Despite the fact that the cross-sectional areas of ST33.7 and ST26.9 steel tubes are
the same, increasing the pitch of helices from 50 to 75 mm resulted in a higher
reduction in the maximum axial load of specimens reinforced with ST26.9 tubes
compared to specimens reinforced with ST33.7 tubes.
4. Under flexural loading, the maximum loads of Specimens ST33.7H50F and
ST26.9H50F were 7 and 25% lower, respectively, than that of Reference Specimen
N16H50F. In addition, the initial slope of load-midspan deflection diagrams in the
specimens reinforced with ST33.7 tubes (nominal tensile strength=350 MPa) was
steeper than that of the specimens reinforced with ST26.9 tubes (nominal tensile
strength=250 MPa).
5. The ductility of STR SCC specimens was significantly influenced by the slip of steel
tubes under eccentric loading; however, the STR SCC specimens showed a higher
ductility than Reference Specimen N16H50C under concentric loading.
6. Welding a single washer at the ends of the steel tubes to prevent slip in concrete was
insufficient and resulted in a tearing of the tubes near the welding area at both ends
of the tube in the tension and compression regions. In contrast, welding double
washers at the ends of the tubes prevented the slip of longitudinal steel tubes in
concrete.
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CHAPTER 7: AXIAL LOAD-AXIAL DEFORMATION
BEHAVIOUR OF SCC COLUMNS REINFORCED WITH STEEL
TUBES
Summary
This chapter presents a simplified analytical model for the axial load-axial deformation
behaviour of SCC columns reinforced with steel tubes. The analytical model takes into
account the contributions of the steel tubes, unconfined concrete cover, confined
concrete core and confined concrete inside the steel tube. The results of the analytical
model have been compared with experimental results of four SCC column specimens.
The predictions of the developed analytical model have been found to be in good
agreement with the experimental investigation results. The analytical observations,
based on a detailed parametric study, reported in this study will contribute to good
understanding on the axial load-axial deformation behaviour of SCC columns reinforced
with steel tubes. A similar analytical modelling approach was also adopted in the next
chapter (Chapter 8) for the axial load-bending moment interactions of self-compacting
concrete columns reinforced with steel tubes. It is important to mention that the effect of
the tensile strength of the SCC on the behaviour of SCC columns was not significant.
Consequently, to avoid the complexities of the modelling in Chapters seven and eight,
the tensile strength of SCC was assumed to be negligible.
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Abstract
A simplified analytical model has been developed for the axial load-axial deformation
behaviour of self-compacting concrete (SCC) columns reinforced with steel tubes. The
developed analytical model takes into account the contribution of the steel tubes,
unconfined concrete cover, confined concrete core and confined concrete inside the
steel tube. The results of the analytical model have been compared with experimental
results of four SCC column specimens. The results of the analytical model are in good
agreement with the experimental results. A parametric study has been conducted to
investigate the influences of the compressive strength of SCC, tensile strength of steel
tube, wall thickness of steel tube and pitch of steel helix on the axial load-axial
deformation behaviour of SCC columns reinforced with steel tubes. The ductility of
SCC columns has been found to be significantly influenced by the increase in the
compressive strength of SCC and the pitch of steel helix.

Keywords: Composite columns; self-compacting concrete; steel tube; axial load-axial
deformation; ductility.

7.1 Introduction
Steel sections and concrete are commonly used in the construction of composite
columns. There are two main configurations of the composite columns: concreteencased steel section columns and concrete-filled steel tube (CFT) columns (Wang
1999). The advantages of composite columns are high strength, stiffness, ductility, fire
resistance and seismic resistance (Susantha et al. 2001; Hajjar 2002). Steel tubes with
different cross-sections (rectangular, square, polygon and circular) are used to construct
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CFT columns (Sakino et al. 2004; Han et al. 2014). Circular steel tube sections are
usually preferred for the CFT columns because circular steel tubes provide better
confinement to the infill concrete (Schneider 1998). In traditional CFT columns, steel
tubes are usually filled with concrete without any internal steel reinforcement (De
Oliveira et al 2009). In some cases, internal steel reinforcement is used for higher
strengths and better connections between the concrete members (Moon et al. 2013).

Reinforced concrete (RC) columns are usually constructed of normal-vibrated concrete
(NVC). However, the congestion of reinforcement in the construction of columns is a
critical issue. Casting concrete in columns with a large amount of longitudinal and
transverse reinforcements makes the placement of concrete difficult. For such columns,
the self-compacting concrete (SCC) is considered a suitable option to overcome the
difficulty of the placement of concrete because SCC possesses good workability with
high flowability, passing ability and segregation resistances (EFNARC 2002). The SCC
can be easily poured into complex or novel forms of construction without requiring
vibration even in columns containing a large amount of reinforcement (Paultre et al.
2005; Khatab et al. 2017).

Lin et al. (2008) examined the behaviour of axially loaded RC columns constructed of
NVC and SCC. Test results showed that the ductility, stiffness and crack control ability
of the SCC columns were better than NVC columns. Lachemi et al. (2006) examined
the performance of axially loaded CFT columns constructed of NVC and SCC. Two
series of steel tube confined concrete columns with and without longitudinal and
transverse reinforcement were tested. The test results showed that axial load carrying
capacities of NVC columns and SCC columns were comparable. Also, the casting of
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columns with SCC was easier than casting of columns with NVC, as SCC did not
require any vibration.

Recently, the authors proposed a new method of reinforcing SCC columns with small
diameter steel tubes as longitudinal reinforcement (Hadi et al. 2017). The behaviour of
SCC columns reinforced with steel tubes is different from the behaviour of SCC
columns reinforced with conventional steel bars. For the same cross-sectional area, the
radius of gyration of the steel tube is higher than the radius of gyration of the solid steel
bar. Steel tubes filled with SCC decreased the overall buckling of longitudinal
reinforcement and consequently increased the ductility of the SCC columns. Also, steel
tubes effectively confined the infill concrete resulting in an increase of the axial
compressive strength. Using steel tubes with a tensile strength similar to that of steel
bars in reinforcing SCC columns increased the maximum axial load of the column
(Hadi et al. 2017). However, no analytical investigations have yet been carried out for
the influence of different parameters (e.g., the compressive strength of SCC, tensile
strength of steel tube, wall thickness of steel tube and pitch of steel helix) on the
behaviour of SCC columns reinforced with steel tubes.

Detailed analytical investigations are required for the wide use of SCC columns
reinforced with steel tubes. This paper develops an analytical model to predict the axial
load-axial deformation behaviour of SCC columns reinforced with steel tubes. The
results of the analytical model have been found well matching with the experimental
investigation results. The influences of the compressive strength of SCC, tensile
strength of steel tube, wall thickness of steel tube and pitch of steel helix on the axial
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load-axial deformation behaviour of SCC columns reinforced with steel tubes have been
investigated.

7.2 Research Significance
This study presents a simplified analytical model for the axial load-axial deformation
behaviour of SCC columns reinforced with steel tubes. The analytical model takes into
account the contributions of the steel tubes, unconfined concrete cover, confined
concrete core and confined concrete inside the steel tube. The predictions of the
developed analytical model have been found to be in good agreement with the
experimental investigation results. The analytical observations, based on a detailed
parametric study, reported in this study will contribute to good understanding on the
axial load-axial deformation behaviour of SCC columns reinforced with steel tubes.

7.3 Analytical Modelling
The authors have recently proposed using small diameter steel tubes as longitudinal
reinforcement for SCC columns. The innovative use of steel tubes for reinforcing SCC
column was found to be highly effective, especially considering the maximum axial
load and the ductility of the SCC columns (Hadi et al. 2017). The conventional SCC
columns reinforced with steel bars usually consist of three main components:
longitudinal steel bars, unconfined concrete cover and confined concrete core (Figure
7.1a). The SCC columns reinforced with steel tubes consist of four main components:
longitudinal steel tubes, unconfined concrete cover, confined concrete core and confined
concrete inside the steel tubes (Figure 7.1b).
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Figure 7.1: Cross-sections of the SCC columns: (a) column reinforced with steel bars; and (b) column reinforced with steel tubes
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7.3.1 Modelling of Longitudinal Steel Tubes
A simplified stress-strain relationship is used in the analytical model of the longitudinal
steel tubes. The stress-strain behaviour of the steel tubes under tension and compression
is idealized as bilinear elasto-plastic (Equations 7.1a and 7.1b). The strain hardening
response of the longitudinal steel tube was neglected for a simplified analytical model.
𝑓𝑡 = 𝜀𝑡 𝐸𝑡

𝜀𝑡 ≤ 𝜀𝑡𝑦

(7.1a)

𝑓𝑡 = 𝑓𝑡𝑦

𝜀𝑡 > 𝜀𝑡𝑦

(7.1b)

where 𝑓𝑡 is the stress of the steel tube, 𝜀𝑡 is the axial strain corresponding to the 𝑓𝑡 , 𝑓𝑡𝑦 is
the yield stress of the steel tube, 𝜀𝑡𝑦 is the axial strain corresponding to the 𝑓𝑡𝑦 and 𝐸𝑡 is
the modulus of elasticity of the steel tube.

7.3.2 Modelling of Unconfined Concrete Cover
The stress-strain behaviour of self-compacting concrete (SCC) in Aslani and Nejadi
(2012) is adopted to model the stress-strain behaviour of unconfined concrete cover in
the SCC column. The stress-strain behaviour (Equation 7.2) of the SCC in Aslani and
Nejadi (2012) is divided into two branches: ascending (Equation 7.3a) and descending
(Equation 7.3b).
𝑓𝑐 =

𝑓𝑐𝑜 𝑛 (𝜀𝑐 ⁄𝜀𝑐𝑜 )

(7.2)

𝑛−1+(𝜀𝑐 ⁄𝜀𝑐𝑜 )𝑛

𝑛 = 𝑛1 = [1.02 − 1.17(𝐸𝑠𝑒𝑐,𝑢 /𝐸𝑐 )]

−0.74

𝑛 = 𝑛2 = 𝑛1 + (𝜛 + 28 × 𝜉)

if 𝜀𝑐 ≤ 𝜀𝑐𝑜

(7.3a)

if 𝜀𝑐 > 𝜀𝑐𝑜

(7.3b)

𝐸𝑐 = 3655 ∗ (𝑓𝑐𝑜 )0.548 (MPa)

(7.4)

𝜛 = (135.16 − 0.1744 × 𝑓𝑐𝑜 )−0.46

(7.5)

𝜉 = 0.83exp(−911/𝑓𝑐𝑜 )
𝑓

𝐸𝑠𝑒𝑐,𝑢 = 𝜀𝑐𝑜

(7.6)
(7.7)

𝑐𝑜
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𝑓

𝜓

𝜀𝑐𝑜 = ( 𝐸𝑐𝑜 ) (𝜓−1)

(7.8)

𝑐

𝑓

𝑐𝑜
𝜓 = ( 17
) + 0.8

(7.9)

where 𝜀𝑐 is the axial strain at any unconfined concrete stress 𝑓𝑐 ; 𝑓𝑐𝑜 is the unconfined
concrete compressive strength; 𝜀𝑐𝑜 is the axial strain corresponding to 𝑓𝑐𝑜 ; 𝐸𝑐 is the
modulus of elasticity of SCC (with fly ash filler); 𝐸𝑠𝑒𝑐,𝑢 is the secant modulus of
elasticity of unconfined concrete; 𝑛 is the material parameter depending on the shape of
the stress-strain curve; 𝑛1 and 𝑛2 are the modified material parameters at the ascending
and descending branches, respectively; and 𝜛 and 𝜉 are coefficients of linear equations
expressed in term of 𝑓𝑐𝑜 .

The unconfined concrete compressive strength 𝑓𝑐𝑜 is considered equal to 28-day
cylinder compressive strength (𝑓𝑐′ ) multiplied by a coefficient ∝1 according to AS 3600
(2009). The coefficient ∝1 is expressed as:
∝1 = 1.0 − 0.003𝑓𝑐′

(𝑓𝑐′ in MPa)

0.72 ≤∝1 ≤ 0.85

(7.10)

7.3.3 Modelling of Confined Concrete
Two confined concrete models need to be used in the modelling SCC columns
reinforced with longitudinal steel tubes for the stress-strain behaviour of confined
concrete core and confined concrete inside the steel tubes. The concrete stress-strain
model in Mander et al. (1988) is adopted to model the stress-strain behaviour of
confined concrete core (Equation 7.11).
𝑓𝑐𝑐 =

′ 𝑟 (𝜀 ⁄𝜀 ′ )
𝑓𝑐𝑐
𝑐 𝑐𝑐 𝑐𝑐
′ )
𝑟𝑐 −1+(𝜀𝑐𝑐 ⁄𝜀𝑐𝑐

𝑟𝑐 = 𝐸

𝑟𝑐

𝐸𝑐

𝑐 −𝐸𝑠𝑒𝑐,𝑐
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(7.11)
(7.12)

𝑓′

𝐸𝑠𝑒𝑐,𝑐 = 𝜀𝑐𝑐
′

(7.13)

𝑐𝑐

′
where 𝜀𝑐𝑐 is the axial strain in concrete at any confined concrete stress 𝑓𝑐𝑐 , 𝜀𝑐𝑐
is the

axial strain at the peak stress of confined concrete 𝑓𝑐𝑐′ , and 𝐸𝑠𝑒𝑐,𝑐 is the secant modulus
′
of elasticity of the confined concrete. The 𝑓𝑐𝑐′ and 𝜀𝑐𝑐
are calculated using Equations

(7.14) and (7.15), respectively.
𝑓𝑐𝑐′ = 𝑓𝑐𝑜 (2.254 × √1 +

7.94𝑓𝑙
𝑓𝑐𝑜

2𝑓

− 𝑓 𝑙 − 1.254)
𝑐𝑜

𝑓′

′
𝜀𝑐𝑐
= 𝜀𝑐𝑜 [1 + 5 (𝑓𝑐𝑐 − 1)]

(7.14)
(7.15)

𝑐𝑜

The ultimate confined concrete compressive strength in Mander et al. (1988) is usually
used with normal strength concrete having a compressive strength ranging between 27
and 31 MPa (3.9 and 4.5 ksi). However, for concrete with the compressive strengths
higher than 31 MPa (4.5 ksi), Bing et al. (2001) adjusted the peak stress of confined
concrete 𝑓𝑐𝑐′ with a modification factor 𝛼𝑠 (Equation (16)), which has been adopted
herein.
𝑓𝑐𝑐′ = 𝑓𝑐𝑜 (2.254 × √1 +

7.94𝛼𝑠 𝑓𝑙

𝑓

𝛼𝑠 = (21.2 − 0.35𝑓𝑐𝑜 ) 𝑓 𝑙

𝑐𝑜

𝑓

𝛼𝑠 = 3.1 𝑓 𝑙

𝑐𝑜

2𝛼𝑠 𝑓𝑙

− 1.254)

(7.16)

𝑤ℎ𝑒𝑛 𝑓𝑐𝑜 ≤ 52 𝑀𝑃𝑎

(7.17)

𝑤ℎ𝑒𝑛 𝑓𝑐𝑜 > 52 𝑀𝑃𝑎

(7.18)

𝑓𝑐𝑜

−

𝑓𝑐𝑜

where 𝑓𝑙 is the effective confining pressure of the steel helix, which is calculated as:
1

𝑓𝑙 = 2 𝑘𝑒 𝜌𝑠ℎ 𝑓𝑦ℎ
𝜌𝑠ℎ =

𝑘𝑒 =

4 𝐴𝑠ℎ
𝑠 𝐷𝑐

1−

𝑠′
2𝐷𝑐

1−𝜌𝑐𝑐
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(7.19)
(7.20)

(7.21)

where 𝑓𝑦ℎ is the yield stress of steel helix, 𝜌𝑠ℎ is the volumetric ratio of steel helix, 𝐴𝑠ℎ
is the area of steel helix, 𝐷𝑐 is the centre-to-centre diameter of steel helix, 𝑘𝑒 is the
coefficient of the fully confined concrete core by steel helix, 𝜌𝑐𝑐 is the ratio of
longitudinal steel area to the concrete core area, 𝑠 is the centre-to-centre spacing of steel
helix and 𝑠 ′ is the clear spacing between the turns of steel helix.

The concrete stress-strain behaviour in Mander et al. (1988) is also adopted to model the
stress-strain behaviour of confined SCC inside the steel tubes. However, the effective
confining pressure provided by the steel tube is different from the effective confining
pressure provided by the steel helix. The steel helix mainly provides confining pressure
to the concrete core, whereas the steel tube resists axial stresses in addition to providing
confinement to the concrete inside the steel tube. The common assumption adopted for
the maximum confining pressure is that the steel helix will reach the yield stress
(Mander et al. 1988). This assumption may not be applicable for the confining pressure
provided by the steel tube. Thus, the effective confining pressure provided by the steel
tube is calculated based on the equilibrium of forces using Equation (7.22).
2 𝜎𝜃 𝑡

𝑓𝑙𝑡 = 𝑑

(7.22)

𝑡 −2𝑡

where 𝜎𝜃 is the hoop stress of the steel tube, 𝑑𝑡 is the outside diameter of the steel tube,
and 𝑡 is the wall thickness of the steel tube. It is noted that a similar equation is also
used for CFT columns (Wang et al. 2015). However, the hoop stress of the steel tube in
SCC columns reinforced with steel tubes is different from the hoop stress of the CFT
columns because steel tubes in SCC columns reinforced with steel tubes are subjected to
the restraining effect provided by the concrete around the steel tube. The hoop stress of
the steel tube in the SCC column reinforced with steel tubes is calculated as:
𝜎𝜃 = 𝜀𝜃 𝐸𝑡

(7.23)
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where 𝜀𝜃 is the hoop strain of the steel tube and 𝐸𝑡 is the modulus of elasticity of the
steel tube.
A hoop strain factor (𝛼𝜃 ) has been defined herein as:
𝛼𝜃 = 𝜎𝜃 ⁄𝑓𝑡𝑦

(7.24)

The 𝛼𝜃 of the CFT columns ranged 0.10 to 0.19 (Elremaily and Azizinamini 2002;
Morino and Tasuda 2003). However, the 𝛼𝜃 of steel tube in SCC columns reinforced
with steel tubes is higher than the 𝛼𝜃 of the CFT columns. This is because additional
confining pressures are provided to the steel tube by the steel helix and the concrete
around the steel tube in SCC columns reinforced with steel tubes.

7.4 Analytical Axial Load-Axial Deformation Behaviour
The axial load-axial deformation response of SCC columns reinforced with steel tubes
is calculated based on the developed stress-strain responses of the SCC and steel tubes.
For an axial strain, the stress in each component (longitudinal steel tubes, unconfined
concrete cover, confined concrete core and confined concrete inside the steel tubes) is
calculated. The axial deformation of the specimen is calculated by multiplying the
considered axial strains with the total length of the specimen. The axial load
contribution of each component is calculated by multiplying the stresses of each
component with the respective cross-sectional area. The total axial load of the SCC
columns reinforced with steel tubes is calculated as:
𝑃𝑎𝑥𝑖𝑎𝑙 = 𝑓𝑡 𝐴𝑡 + 𝑓𝑐,𝑐𝑜𝑣𝑒𝑟 𝐴𝑐𝑜𝑣𝑒𝑟 + 𝑓𝑐𝑐,𝑐𝑜𝑟𝑒 𝐴𝑐𝑜𝑟𝑒 + 𝑓𝑐𝑐,𝑡𝑢𝑏𝑒 𝐴𝑡𝑢𝑏𝑒

(7.25)

where 𝑃𝑎𝑥𝑖𝑎𝑙 is the total axial load of specimens; 𝑓𝑡 , 𝑓𝑐,𝑐𝑜𝑣𝑒𝑟 , 𝑓𝑐𝑐,𝑐𝑜𝑟𝑒 and 𝑓𝑐𝑐,𝑡𝑢𝑏𝑒 are the
axial stresses in the longitudinal steel tubes, unconfined concrete cover, confined
concrete core and confined concrete inside steel tubes, respectively; 𝐴𝑡 , 𝐴𝑐𝑜𝑣𝑒𝑟 , 𝐴𝑐𝑜𝑟𝑒
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and 𝐴𝑡𝑢𝑏𝑒 are the cross-sectional areas of longitudinal steel tubes, unconfined concrete
cover, confined concrete core and confined concrete inside steel tubes, respectively.

7.5 Experimental Axial Load-Axial Deformation Behaviour
A total of four SCC column specimens reinforced with steel tubes were cast and tested
under monotonic axial compression. All specimens were tested at the Structural
Engineering Laboratories, School of Civil, Mining, and Environmental Engineering,
University of Wollongong, Australia. The details of the experimental programme
including the design of experiments, preparation and testing, failure modes and
behaviour of the specimens under concentric, eccentric and flexural loads were
presented in Hadi et al. (2017).

7.5.1 Details of the Column Specimens
All specimens were 240 mm (9.46 in.) in diameter and 800 mm (31.52 in.) in height.
The SCC mix with a nominal compressive strength of 50 MPa (7.2 ksi) and a maximum
aggregate size of 10 mm (0.394 in.) were used in casting the specimens. The first and
second specimens were reinforced longitudinally with ST33.7 steel tubes. The ST33.7
steel tube had 33.7 mm (1.33 in.) outside diameter, 2 mm (0.079 in.) wall thickness and
350 MPa (50.7 ksi) nominal tensile strength. The first and second specimens were
reinforced transversely with 50 mm and 75 mm (1.97 and 2.96 in.) pitch of the steel
helices, respectively. The third and fourth specimens were reinforced longitudinally
with ST26.9 steel tubes. The ST26.9 steel tube had 26.9 mm (1.06 in.) outside diameter,
2.6 mm (0.102 in.) wall thickness and 250 MPa (36.2 ksi) nominal tensile strength. The
third and fourth specimens were also reinforced transversely with 50 mm and 75 mm
(1.97 and 2.96 in.) pitch of the steel helices, respectively. Both ST33.7 and ST26.9 steel
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tubes had approximately the same cross-sectional area. All specimens were reinforced
transversely with R10 bar (10 mm (0.394 in.) diameter plain steel bar) with a nominal
tensile strength of 250 MPa (36.2 ksi).

The SCC column specimens were labelled according to the type of longitudinal steel
tubes and the pitch of the steel helix (Table 7.1). In the specimen label, ST33.7 and
ST26.9 refer to the type of the steel tubes. Afterwards, H50 and H75 represent 50 mm
and 75 mm (1.97 and 2.96 in.) pitch of the steel helices, respectively. The letter C at the
end of the specimen label represents that the specimen was tested under concentric axial
load. For example, ST26.9H50C refers to the column specimen reinforced
longitudinally with ST26.9 steel tubes and transversely with 50 mm (1.97 in.) pitch of
the steel helix and tested under concentric axial load. Table 7.1 provides details of the
column specimens included in this study.

7.5.2 Materials Properties
The properties of fresh self-compacting concrete (SCC) were tested according to ASTM
C1621/C1621M (ASTM 2014b), ASTM C1611/C1611M (ASTM 2014c) and ASTM
C1610/C1610M (ASTM 2014d). The compressive strength of the SCC was determined
by testing three cylinders of 100 mm (3.94 in.) diameter and 200 mm (7.88 in.) height
according to ASTM C39/C39M (ASTM 2016). The average 28-day compressive
strength of the SCC was 57 MPa (8.3 ksi). Two different steel tubes were used for steel
tube reinforced SCC specimens: ST33.7 and ST26.9. Three samples from each of
ST33.7 and ST26.9 tubes were tested according to ASTM A370 (ASTM 2014a). Yield
stresses of both steel tubes were determined using the 0.2% offset method, as clearly
defined yield stress was not observed.
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Table 7.1: Details and experimental results of four column specimens tested under concentric load
Longitudinal Reinforcement

*

No.

Specimen
Designation

1

ST33.7H50C

2

ST33.7H75C

3

ST26.9H50C

4

ST26.9H75C

Outside
Diameter
of Steel
Tubes
mm (in.)
33.7
(1.33)
33.7
(1.33)
26.9
(1.06)
26.9
(1.06)

Thickness
of Tubes
mm
(in.)

Reinf.
Ratio
𝜌𝑠
(%)

2
(0.079)
2
(0.079)
2.6
(0.102)
2.6
(0.102)

2.64
2.64
2.63
2.63

Transverse
Reinforcement
Pitch Reinf.
mm
Ratio
(in.)
𝜌𝑠ℎ
(%)
50
(1.97)
75
(2.96)
50
(1.97)
75
(2.96)

3.3
2.2
3.3
2.2

Experimental Results
Yield
axial
load
kN
(kip)
2500
(563)
2395
(539)
2375
(534)
2275
(512)

Ultimate axial deformation was defined by the fracture of the steel helices.
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Corresponding
axial
deformation
mm
(in.)
2.45
(0.097)
2.65
(0.104)
2.35
(0.093)
2.2
(0.087)

Maximum
axial load
kN
(kip)
2729
(614)
2633
(592)
2598
(585)
2443
(550)

Corresponding
axial
deformation
mm
(in.)
3.29
(0.130)
3.44
(0.136)
3.03
(0.119)
2.79
(0.110)

Ultimate
axial
deformation*
mm
(in.)
33.5
(1.32)
26.2
(1.03)
36
(1.42)
30.4
(1.20)

The average yield stress (𝑓𝑡𝑦 ), yield strain (𝜀𝑡𝑦 ) and modulus of elasticity (𝐸𝑡 ) of
ST33.7 steel tube were found as 450 MPa (65.2 ksi), 0.23% and 196 GPa (28420 ksi),
respectively. The average yield stress, yield strain and modulus of elasticity of ST26.9
steel tube were found as 355 MPa (51.5 ksi), 0.187% and 192 GPa (27840 ksi),
respectively.

Rounded steel R10 helices were used as transverse reinforcement in all of the
specimens. Three samples of R10 rounded steel bars (gauge length 340 mm (13.40 in.))
were tested according to Australian Standard AS 1391 (2007). The yield stress of
rounded steel bar was determined using the 0.2% offset method, as clearly defined yield
stress was not observed. The average yield stress (𝑓𝑦ℎ ), yield strain (𝜀𝑦ℎ ) and modulus
of elasticity (𝐸𝑠ℎ ) of R10 bars were found as 400 MPa (58.0 ksi), 0.22% and 195 GPa
(28275 ksi), respectively.

7.5.3 Instrumentation
The test specimens were instrumented internally and externally to measure the strains of
reinforcements (steel tubes and steel helices) and axial deformations of specimens. In
order to observe the axial strains of longitudinal steel tubes, strain gauges were attached
on the two opposite longitudinal steel tubes. Also, to observe the lateral strains of
transverse reinforcement, two strain gauges were attached to the two opposite sides of
the steel helices. All strain gauges were attached to the external faces of the longitudinal
and transverse reinforcements at the midheight of the specimens. Two types of strain
gauges were used in this study: single element strain gauges used for steel helices and
biaxial two element strain gauges used for steel tubes. Biaxial two element strain gauges
were used to measure both the axial and the lateral strains of the longitudinal steel tube.
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The biaxial two element strain gauges were placed at the mid-height of the steel tubes
ensuring that they were centrally placed between two turns of the helix.

The test specimens were instrumented with two linear variable differential transducers
(LVDTs) fixed diagonally at opposite corners in the testing machine to measure the
axial deformations. All specimens were tested in a 5000 kN (1125 kip) compression
testing machine. Testing was carried out at a displacement controlled loading rate of 0.3
mm/min (0.012 in./min) until the failure of the specimen.

7.5.4 Experimental Results of the SCC Column Specimens
Experimental results of four SCC column specimens tested under concentric axial load
in terms of yield axial load and corresponding axial deformation, maximum axial load
and corresponding axial deformation and ultimate axial deformation are presented in
Table 7.1. The ultimate axial deformation corresponds to the deformation at the fracture
of steel helices. Although the cross-sectional areas of the ST33.7 and ST26.9 steel tubes
are similar, the yield axial load of Specimen ST33.7H50C was 5% greater than the yield
axial load of Specimen ST26.9H50C and the maximum axial load of Specimen
ST33.7H50C was 4.8% greater than the maximum axial load of Specimen
ST26.9H50C. The greater yield and maximum axial load of specimen reinforced with
ST33.7 steel tubes were because ST33.7 steel tube had higher tensile strength than
ST26.9 steel tube. Besides, ST33.7 steel tube had large inside and outside diameters
compared to ST26.9 steel tube. The large inside diameter of ST33.7 steel tube allowed a
large amount of concrete to be filled inside the tube which contributed in increasing the
compressive strength of the column specimens. The large outside diameter of ST33.7
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steel tube had a lower slenderness (𝑠/𝑑𝑡 ) ratio which positively contributed to the
maximum axial load of Specimen ST33.7H50C.

Table 7.2 reports the strains in the longitudinal and transverse reinforcements for all
tested specimens. In Column 1 of Table 7.2, the letters SA, SL and SH refer to the strain
gauges that were placed on the steel tubes in the longitudinal direction, on the steel
tubes in the lateral direction and on the steel helix in the lateral direction, respectively.
The numbers 1 and 2 afterwards refer to the first and second strain gauges, respectively.
The averages of the recorded strains are also reported in Table 7.2.

Table 7.2: The strains of the longitudinal and transverse reinforcements for the column
specimens tested under concentric load
Labels of
strain gauges
SA-1
(compression)
SA-2
(compression)
Average SA
(compression)
SL-1
(tension)
SL-2
(tension)
Average SL
(tension)
SH-1
(tension)
SH-2
(tension)
Average SH
(tension)

Strain gauge reading corresponding to the maximum load (%)
ST33.7H50C ST26.9H50C ST33.7H75C ST26.9H75C
0.318

0.3

0.294

0.244

0.378

0.4

0.327

0.280

0.348

0.35

0.311

0.262

0.092

0.059

0.070

0.045

0.088

0.093

0.078

0.043

0.090

0.076

0.074

0.044

0.080

0.054

0.071

0.060

0.064

0.082

0.088

0.076

0.072

0.068

0.080

0.068
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The average axial strains in the longitudinal steel tubes indicated that steel tubes yielded
at the maximum axial load. Also, it was found that the contribution of ST33.7 steel
tubes was 29.8% of the maximum axial load of Specimen ST33.7H50C, whereas the
contribution of ST33.7 steel tubes was 27.6% of the maximum axial load of Specimen
ST33.7H75C. The contribution of ST26.9 steel tubes was 30.7% of the maximum axial
load of Specimen ST26.9H50C, whereas the contribution of ST26.9 steel tubes was
24.5% of the maximum axial load of Specimen ST26.9H75C. The maximum axial load
of steel tubes filled with concrete decreased with the increase in the 𝑠/𝑑𝑡 ratio of steel
tubes (De Oliveira et al. 2010). Thus, increasing 𝑠/𝑑𝑡 ratio of the steel tubes resulted in
the lower contributions of steel tubes in the maximum axial load of the tested column
specimen.

The compressive strength of the confined concrete core and the compressive strength of
the confined concrete inside the steel tube have been compared. It has been observed
that steel tubes effectively confined the concrete inside the tube and resulted in higher
axial compressive strengths of the SCC columns. To compare the compressive strength
of the confined concrete core (𝑓𝑐𝑐,𝑐𝑜𝑟𝑒 ) and confined concrete inside the steel tube
(𝑓𝑐𝑐,𝑡𝑢𝑏𝑒 ), the enhancement factor of the confined concrete core (𝑓𝑐𝑐,𝑐𝑜𝑟𝑒 ⁄𝑓𝑐𝑜 ) and the
confined concrete inside the steel tube (𝑓𝑐𝑐,𝑡𝑢𝑏𝑒 ⁄𝑓𝑐𝑜 ) were calculated based on the
developed stress-strain behaviours of the SCC and steel tubes (Table 7.3). The
unconfined concrete strength (𝑓𝑐𝑜 ) is taken as 0.95 times the 28-day cylinder
compressive strength for concrete inside the steel tubes (ANSI 2010). For the concrete
core confined by steel helix, the enhancement factors were 1.32 and 1.13 for the pitch of
steel helices of 50 and 75 mm (1.97 and 2.96 in.), respectively. However, for the
confined concrete inside ST33.7 steel tube, the enhancement factors were 2.6 and 2.25
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for the pitch of steel helices of 50 and 75 mm (1.97 and 2.96 in.), respectively. Also, for
confined concrete inside the ST26.9 steel tube, the enhancement factors were 3.41 and
2.34 for the pitch of steel helices of 50 and 75 mm (1.97 and 2.96 in.), respectively. It
can be observed that the enhancement factors of the confined concrete inside steel tubes
were higher than the enhancement factors of the confined concrete core for the same
pitch of steel helices. The enhancement factor is higher inside the steel tube, which is
because the concrete inside the steel tube was effectively confined by the wall of steel
tube as well as the steel helix and the concrete around the steel tube.

Table 7.3: The concrete enhancement factor for the types of confined concrete in the
SCC columns
Types of confined concrete in the
specimens

Confined
concrete
[(𝑓𝑐𝑐,𝑐𝑜𝑟𝑒 ) or
(𝑓𝑐𝑐,𝑡𝑢𝑏𝑒 )]
MPa (ksi)
62.7 (9.1)

Unconfined
concrete
(𝑓𝑐𝑜 )
MPa (ksi)
47.3 (6.9)

concrete
enhancement
factor
[(𝑓𝑐𝑐,𝑐𝑜𝑟𝑒 ⁄𝑓𝑐𝑜 ) or
(𝑓𝑐𝑐,𝑡𝑢𝑏𝑒 ⁄𝑓𝑐𝑜 )]
1.33

Confined concrete core
[pitch =75 mm (2.96 in.)]

53.6 (7.8)

47.3 (6.9)

1.13

Confined concrete inside steel tube
ST33.7 [pitch =50 mm (1.97 in.)]

141 (20.4)

54.2 (7.9)

2.60

Confined concrete inside steel tube
ST33.7 [pitch =75 mm (2.96 in.)]

122 (17.7)

54.2 (7.9)

2.25

Confined concrete inside steel tube
ST26.9 [pitch =50 mm (1.97 in.)]

185 (26.8)

54.2 (7.9)

3.41

Confined concrete inside steel tube
ST26.9 [pitch =75 mm (2.96 in.)]

127 (18.4)

54.2 (7.9)

2.34

Confined concrete core
[pitch =50 mm (1.97 in.)]

Note:
𝑓𝑐𝑜 represents the unconfined concrete strength.
𝑓𝑐𝑐,𝑐𝑜𝑟𝑒 represents the compressive strength of the confined concrete core.
𝑓𝑐𝑐,𝑡𝑢𝑏𝑒 represents the compressive strength of the confined concrete inside the steel tube.
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The enhancement factor of confined concrete inside the ST26.9 steel tube was 31%
more than the enhancement factor of confined concrete inside the ST33.7 steel tube,
when the pitch of steel helix was 50 mm (1.97 in.). The enhancement factor of the
concrete inside the steel tube was larger for smaller diameter steel tube, as the strength
of confined concrete inside the steel tube increased with decreasing the diameter of the
steel tube (Sakino et al. 2004). Also, outside diameter to thickness (𝑑𝑡 /𝑡) ratio of the
ST26.9 steel tube was 10.35, whereas the 𝑑𝑡 /𝑡 ratio of the ST33.7 steel tube was 16.85.
The lower 𝑑𝑡 /𝑡 ratio of steel tube provided higher confinement to the concrete inside
the steel tube (Abed et al 2013). The steel helix also provided confinement to the steel
tubes in the SCC column. This additional confinement by steel helix resulted in
restricting the lateral dilation of the steel tube due to axial compression at the
connecting area between the steel helix and steel tubes. Thus, the confinement of
concrete inside steel tubes also decreases with the increase in the spacing of the steel
helix.

7.6 Analytical versus Experimental Results
The analytical and experimental axial load-axial deformation behaviours of the SCC
column specimens reinforced with steel tubes are compared (Figure 7.2). For all the
column specimens, for the ascending part of the curve up to the maximum axial load,
the analytical axial load-axial deformation curve correlated well with the experimental
axial load-axial deformation curve. This good correlation is particularly because the
stress-strain response of the different components of the specimens up to the maximum
axial load was relatively linear. It can also be observed that, after the maximum axial
load, the descending parts of the analytical axial load-axial deformation curves show
good agreements with the experimental axial load-axial deformation curves.
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Figure 7.2: Comparison between analytical and experimental axial load-axial deformation behaviour of the tested specimens:
(a) ST33.7H50C; (b) ST26.9H50C; (c) ST33.7H75C; and (d) ST26.9H75C . (Note: 1 mm = 0.0394 in.; 1 kN = 0.225 kip)
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The experimental axial load-axial deformation curve shows a small drop and a rise in
the descending part of the curve. However, the analytical axial load-axial deformation
curve shows a gradual decrease in the descending part of the curve. The small drop in
the experimental axial load-axial deformation curve has not been captured by the
analytical curve, as the drop occurred instantaneously due to the spalling of concrete
cover and then the axial load increased to a value less than the maximum axial load due
to the confinement provided by the steel helices.

7.7 Parametric Study
The developed analytical model was used to study the influences of different parameters
on the axial load-axial deformation behaviours of SCC columns reinforced with steel
tubes. The parameters studied were the compressive strength of SCC, tensile strength of
steel tube, wall thickness of steel tube and pitch of steel helix.

7.7.1 Effect of Concrete Compressive Strength
Four different concrete compressive strengths (30, 40, 50 and 57 MPa (4.3, 5.8, 7.2, 8.3
ksi)) were considered. The SCC columns were reinforced longitudinally with either
ST33.7 steel tube or ST26.9 steel tube and transversely with 50 mm (1.97 in.) pitch of
steel helix. The tensile strengths of ST33.7 and ST26.9 steel tubes were 450 MPa and
355 MPa (65.2 and 51.5 ksi), respectively, which were similar to the yield strength of
the steel tubes used in reinforcing the tested column specimens.

The influence of concrete strength on the axial load-axial deformation behaviours of the
SCC columns is shown in Figure 7.3. As expected, the maximum axial load of the SCC
columns reinforced with steel tubes increased with the increase in the compressive
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strength of concrete. It was observed that as the concrete compressive strength increased
from 30 MPa to 57 MPa (4.3 ksi to 8.3 ksi), the maximum axial load of the columns
reinforced with ST33.7 and ST26.9 steel tubes increased by about 22% and 24.6%,
respectively (Figure 7.3). This is particularly because increasing the strength of concrete
increased the contribution of the concrete to the maximum axial load of the column.
Also, the maximum axial load of the steel tubes filled with concrete increased with
increasing concrete strength (De Oliveira et al. 2009). For the descending part of the
axial load-axial deformation response, the slope of the axial load-axial deformation
curve after the maximum axial load increased with the increase in the concrete strength.
Ozbakkaloglu and Saatcioglu (2004) reported that the reduction in the axial load
capacity after the peak load was a function of the concrete strength and the rate of drop
in the axial load carrying capacity increased with increasing concrete strength.

The ductility of columns was significantly influenced by the increase in the compressive
strength of concrete. The ductility is an indication of the post-peak axial load-axial
deformation behaviour. In this study, the ductility was calculated as a ratio of the axial
deformation at the first helix fracture (𝛿𝑢 ) to the axial yield deformation (𝛿𝑦 ) (Pessiki
and Pieroni 1997), as in Equation (26). The 𝛿𝑦 represents the deformation
corresponding to the intersection point of a horizontal line from the maximum axial load
and an extension secant line from the original point and the point at 0.75 times the
maximum axial load (Foster, S. J., and Attard 1997).

𝐷𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 = 𝛿𝑢 ⁄𝛿𝑦
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(7.26)
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Figure 7.3: Influence of concrete strength on axial load-axial deformation behaviours
for the SCC columns: (a) ST33.7H50C; and (b) ST26.9H50C

It was observed that as the compressive strength of concrete increased from 30 MPa to
57 MPa (4.3 ksi to 8.3 ksi), the ductility of Specimen ST33.7H50C decreased by about
14.4%, whereas the ductility of Specimen ST26.9H50C decreased by about 17.3%
(Figure 7.3). For the increase in the compressive strength of concrete from 30 MPa to
57 MPa (4.3 ksi to 8.3 ksi), columns reinforced with ST26.9 steel tubes showed a rapid
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descending axial load-axial deformation curve than columns reinforced with ST33.7
steel tubes. The 𝑠/𝑑𝑡 ratio of Specimen ST26.9H50C was 20% higher than the 𝑠/𝑑𝑡
ratio of Specimen ST33.7H50C, as the outside diameter of the ST26.9 steel tube was
smaller than the outside diameter of the ST33.7 steel tube. Increasing 𝑠/𝑑𝑡 ratio of
columns caused an increase in the slope of the post peak axial load-axial deformation of
the column (Figure 7.3).

7.7.2 Effect of Tensile Strength and Wall Thickness of the Steel Tube
Steel tubes with four different tensile strengths (250, 355, 450 and 550 MPa (36.2, 51.5,
65.2 and 79.7 ksi)) and with four different wall thicknesses (1.5, 2.0, 2.6 and 3.0 mm
(0.059, 0.079, 0.102 and 0.118 in.)) were considered. The SCC columns were reinforced
longitudinally with either ST33.7 steel tube or ST26.9 steel tube and transversely with
50 mm pitch (1.97 in.) of steel helix. The compressive strength of the SCC was
considered 57 MPa (8.3 ksi) which was similar to the compressive strength of the SCC
used in casting the tested column specimens. The influence of tensile strength of steel
tubes on axial load-axial deformation behaviours for the SCC columns is shown in
Figure 7.4. It was observed that the tensile strength of the steel tubes did not influence
the overall trend of the axial load-axial deformation behaviour of the SCC columns.
However, it was observed that as the tensile strength of longitudinal steel tubes
increased from 250 MPa to 550 MPa (36.2 ksi to 79.7 ksi), the maximum axial load of
Specimens ST33.7H50C and ST26.9H50C increased by about 16.6% and 15%,
respectively (Figure 7.4). The higher strength of longitudinal steel tubes increased the
contribution of steel tube in carrying the axial load of the column.
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Figure 7.4: Influence of tensile strength of steel tubes on axial load-axial deformation
behaviours for the SCC columns: (a) ST33.7H50C; and (b) ST26.9H50C

The influence of wall thicknesses of steel tubes on axial load-axial deformation
behaviours for the SCC columns is shown in Figure 7.5. The thicknesses of steel tubes
did not significantly influence the overall trend of the axial load-axial deformation
behaviour of the columns. However, the maximum axial load of the SCC columns was
increased with the increase in the wall thickness of steel tubes. It was observed that as
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the wall thickness of steel tubes increased from 1.5 mm to 3.0 mm (0.059 in. to 0.118
in.), the maximum axial load of the columns reinforced with ST33.7 steel tubes
increased by about 13.8%, whereas the maximum axial load of the columns reinforced
with ST26.9 steel tubes increased by about 8.4% (Figure 7.5). The reason for the
differences in the maximum axial load is associated with the cross-sectional area of the
steel tube. The cross-sectional area of the ST33.7 steel tube was 28.4% larger than the
cross-sectional area of the ST26.9 steel tube, when the wall thickness of the both steel
tubes was considered 3 mm (0.118 in.). The higher wall thickness of steel tube
increased the cross-sectional area of the steel tube and increased the contribution of
steel tube in carrying the axial load of the column. Also, increasing wall thickness of
steel tube increased the compressive strength of the concrete inside the steel tube and
increased the compressive strength of the SCC column. The confinement of concrete
inside the steel tube increased with decreasing 𝑑𝑡 /𝑡 ratio of the steel tube.

In spite of the maximum axial load of the columns increased by the increase in the
tensile strength and wall thickness of steel tube, the ductility of the SCC columns was
not significantly influenced. For the increase of the wall thickness of steel tubes in the
SCC columns from 1.5 mm to 3.0 mm (0.059 in. to 0.118 in.), the ductility of the SCC
columns reinforced with steel tubes increased by only 6% (Figure 7.5). Although
increasing the wall thickness of steel tube resulted in an increase in the strength and
ductility of concrete inside the steel tubes, the concrete inside the steel tubes was a small
proportion of the total cross-sectional area of the column.
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Figure 7.5: Influence of wall thicknesses of steel tubes on axial load-axial deformation
behaviours for the SCC columns: (a) ST33.7H50C; and (b) ST26.9H50C

7.7.3 Effect of Pitch of Steel Helices
Four different pitches of steel helices (30, 50, 70 and 90 mm (1.18, 1.97, 2.76 and 3.55
in.)) were considered. The SCC columns were reinforced longitudinally with either
ST33.7 steel tube or ST26.9 steel tube. The tensile strengths of ST33.7 and ST26.9 steel
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tubes were 450 MPa and 355 MPa (65.2 ksi and 51.5 ksi), respectively. The
compressive strength of the SCC was 57 MPa (8.3 ksi).

The influence of different pitch of steel helices on axial load-axial deformation
behaviours of the SCC columns is shown in Figure 7.6. For SCC columns reinforced
longitudinally with steel tubes and transversely with 30 mm (1.18 in.) pitch of steel
helices, there are two peak axial loads in the axial load-axial deformation curves of the
SCC columns. For SCC column reinforced with ST33.7 steel tubes, the first and second
peak axial loads were 2840 and 3088 kN (639 and 695 kip), respectively. For SCC
column reinforced with ST26.9 steel tubes, the first and second peak axial loads were
2695 and 2950 kN (606 and 664 kip), respectively. It is noted that the first peak axial
load was sustained by the columns prior to the spalling of concrete cover and the second
peak axial load was sustained by the confined concrete core. The second peak axial load
was higher than the first peak axial load due to the confinement pressure provided by
the closely spaced steel helix. The SCC columns reinforced transversely with steel
helices having a pitch of 50 mm (1.97 in.) or larger did not show a second peak axial
load. All columns showed the same initial behaviour up to the first peak axial load.
However, for the increase of the pitch of steel helices from 30 to 90 mm (1.18 to 3.55
in.) in the SCC columns reinforced with ST26.9 steel tubes, the first peak axial load
decreased by 10.6% (Figure 7.6). Whereas increasing the pitch of steel helices from 30
to 90 mm (1.18 to 3.55 in.) in the SCC columns reinforced with ST33.7 steel tubes, the
first peak axial load decreased by 8.4% (Figure 7.6). The reason for the differences in
the first peak axial loads is associated with the 𝑠/𝑑𝑡 ratio of steel tubes. The 𝑠/𝑑𝑡 ratio
of the ST26.9 steel tube was 25% higher than the 𝑠/𝑑𝑡 ratio of the ST33.7 steel tube
when the pitch of steel helix was 90 mm (3.55 in.).
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Figure 7.6: Influence of pitch of steel helices on axial load-axial deformation behaviours
for the SCC columns: (a) columns reinforced with ST33.7 steel tubes; and (b) columns
reinforced with ST26.9 steel tubes

It was observed that for increasing the pitch of steel helices from 30 to 90 mm (1.18 to
3.55 in.) in the SCC columns reinforced with ST26.9 steel tubes, the ductility decreased
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by 40% (Figure 7.6). Whereas increasing the pitch of steel helices from 30 to 90 mm
(1.18 to 3.55 in.) in the SCC columns reinforced with ST33.7 steel tubes, the ductility
decreased by 37% (Figure 7.6). The higher ductility of the column transversely
reinforced with a shorter spacing of steel helix is mainly attributed to the delay in the
first helix fracture compared to the early first helix fracture of the column transversely
reinforced with a larger spacing of steel helix. Increasing the pitch of steel helices from
30 to 90 mm (1.18 to 3.55 in.) in the SCC columns resulted in the increase of the 𝑠/𝑑𝑡
ratio of steel tubes. The ability of the column transversely reinforced with closely
spaced steel helix in sustaining the lateral pressure provided by the longitudinal steel
tubes under axial compression was higher than the ability of the column transversely
reinforced with largely spaced steel helix. The lateral pressure exerted by the
longitudinal steel tubes in the largely spaced steel helix resulted in the early yielding
and fracturing of steel helix. Also, increasing the pitch of steel helices from 30 to 90
mm (1.18 to 3.55 in.) significantly influenced the descending part of the axial load-axial
deformation behaviour of the SCC column and resulted in an increase of the slope of the
post-peak axial load-axial deformation curve (Figure 7.6).

7.8 Conclusions
This study presents analytical investigations on the axial load-axial deformation
behaviour of self-compacting concrete (SCC) columns reinforced with steel tubes. Two
types of steel tubes were used in the SCC columns as longitudinal reinforcement. The
influences of different parameters including the compressive strength of SCC, tensile
strength of steel tube, wall thickness of steel tube and pitch of steel helix were
investigated. Based on the analytical results of this study, the following conclusions are
drawn:
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1. The analytical axial load-axial deformation response of the SCC columns reinforced
with steel tubes was calculated based on the stress-strain responses of the longitudinal
steel tubes, unconfined concrete cover, confined concrete core and confined concrete
inside the steel tube. The analytical and experimental axial load-axial deformation
curves of columns showed good agreements.
2. The compressive strength of the confined concrete core and the compressive strength
of the confined concrete inside the steel tube were compared. For the SCC columns
reinforced transversely with steel helices having a pitch of 50 mm (1.97 in.), the
enhancement factor of the confined concrete core was 1.32, whereas the enhancement
factors of the confined concrete inside the ST33.7 and ST26.9 steel tubes were 2.6 and
3.41, respectively. The enhancement factors of the confined concrete inside the steel
tubes were higher than the enhancement factors of the confined concrete core for the
same pitch of steel helices. Thus, steel tubes effectively confined the concrete inside the
tube and resulted in higher axial compressive strengths of the SCC columns.
3. As the concrete compressive strength increased from 30 MPa to 57 MPa (4.3 ksi to
8.3 ksi), the maximum axial load of the SCC columns reinforced with ST33.7 and
ST26.9 steel tubes increased by about 23% and 24.6%, respectively. With the increase
in the compressive strength of concrete from 30 MPa to 57 MPa (4.3 ksi to 8.3 ksi), the
ductility of Specimen ST33.7H50C decreased by about 14.4%, whereas the ductility of
Specimen ST26.9H50C decreased by about 17.3%.
4. As the tensile strength of longitudinal steel tubes increased from 250 MPa to 550
MPa (36.2 ksi to 79.7 ksi), the maximum axial load of Specimens ST33.7H50C and
ST26.9H50C increased by about 16.6% and 15%, respectively. Also, as the wall
thickness of longitudinal steel tubes increased from 1.5 mm to 3.0 mm (0.059 in. to
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0.118 in.), the maximum axial load of the SCC columns reinforced with ST33.7 steel
tubes increased by about 13.8%, whereas the maximum axial load of the SCC columns
reinforced with ST26.9 steel tubes increased by about 8.4%. However, the ductility of
SCC columns reinforced with steel tubes was not significantly influenced by the
increase in the tensile strength and wall thickness of steel tube.
5. For SCC columns reinforced longitudinally with steel tubes and transversely with 30
mm pitch of steel helices, there are two peak axial loads in the axial load-axial
deformation curves of the SCC columns. However, the SCC columns reinforced
transversely with steel helices having a pitch of 50 mm (1.97 in.) or larger did not show
a second peak axial load. For the increase of the pitch of steel helices from 30 to 90 mm
(1.18 to 3.55 in.) in the SCC columns reinforced with ST26.9 steel tubes, the first peak
axial load decreased by 10.6%. Whereas increasing the pitch of steel helices from 30 to
90 mm (1.18 to 3.55 in.) in the SCC columns reinforced with ST33.7 steel tubes, the
first peak axial load decreased by 8.4%. The 𝑠/𝑑𝑡 ratio of the ST26.9 steel tube was
25% higher than the 𝑠/𝑑𝑡 ratio of the ST33.7 steel tube when the pitch of steel helix
was 90 mm (3.55 in.).
6. For the increase of the pitch of steel helices from 30 to 90 mm (1.18 to 3.55 in.) in the
SCC columns reinforced with ST26.9 steel tubes, the ductility decreased by 40%.
Whereas increasing the pitch of steel helices from 30 to 90 mm (1.18 to 3.55 in.) in the
SCC columns reinforced with ST33.7 steel tubes, the ductility decreased by 37%.
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Notation
𝐴𝑐𝑜𝑟𝑒

= area of the concrete core confined by steel helix

𝐴𝑐𝑜𝑣𝑒𝑟

= area of unconfined concrete cover

𝐴𝑠ℎ

= cross-sectional area of the steel helix

𝐴𝑡

= cross-sectional area of the steel tube

𝐴𝑡𝑢𝑏𝑒

= area of the confined concrete inside steel tubes

𝐷𝑐

= centre-to-centre diameter of the steel helix

𝑑𝑡

= outside diameter of the steel tube

𝐸𝑐

= modulus of elasticity of the concrete

𝐸𝑠ℎ

= modulus of elasticity of the steel helix

𝐸𝑠𝑒𝑐,𝑐

= confined secant modulus of elasticity of the concrete

𝐸𝑠𝑒𝑐,𝑢

= unconfined secant modulus of elasticity of the concrete

𝐸𝑡

= modulus of elasticity of the steel tube

𝑃𝑎𝑥𝑖𝑎𝑙

= total axial load of specimens

𝑓𝑐

= unconfined concrete stress

𝑓𝑐′

= 28-day cylinder concrete compressive strength

𝑓𝑐𝑐,𝑐𝑜𝑟𝑒

= axial stress in the confined concrete core

𝑓𝑐𝑐,𝑡𝑢𝑏𝑒

= axial stress in the longitudinal steel tubes

𝑓𝑐𝑐

= confined concrete stress

𝑓𝑐𝑐′

= peak stress of confined concrete

𝑓𝑐𝑜

= unconfined concrete compressive strength which is equal to ∝1 multiplied
by 𝑓𝑐′

𝑓𝑙

= effective confining pressure of steel helix

𝑓𝑙𝑡

= effective confining pressure of the steel tube

𝑓𝑡

= stress of the steel tube in the linear elastic portion

𝑓𝑡𝑦

= yield stress of the steel tube
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𝑓𝑦ℎ

= yield stress of the steel helix

𝑘𝑒

= coefficient of the fully confined concrete core by steel helix

𝑛1

= modified material parameter at the ascending part

𝑛2

= modified material parameters at the descending part

𝑠′

= clear spacing of the steel helix

𝑛

= material parameter depending on the shape of stress-strain curve

𝑠

= pitch (centre-to-centre spacing) of the steel helix

𝑡

= wall thickness of the steel tube

∝1

= coefficient of concrete compressive strength, as given in AS 360020

𝛼𝑠

= modification factor for the peak stress of confined concrete

𝛼𝜃

= hoop strain factor

𝛿𝑢

= axial deformation of the column at the first helix fracture

𝛿𝑦

= axial yield deformation of the column

𝜀𝑐

= axial strain corresponding to 𝑓𝑐

𝜀𝑐𝑐

= axial strain corresponding to 𝑓𝑐𝑐

′
𝜀𝑐𝑐

= axial strain corresponding to 𝑓𝑐𝑐′

𝜀𝑐𝑜

= axial strain corresponding to 𝑓𝑐𝑜

𝜀𝑡

= axial strain corresponding to 𝑓𝑡

𝜀𝑡𝑦

= axial strain corresponding to 𝑓𝑡𝑦

𝜀𝑦ℎ

= axial strain corresponding to 𝑓𝑦ℎ

𝜀𝜃

= hoop strain of the steel tube

𝜌𝑐𝑐

= ratio of longitudinal steel area to core area

𝜌𝑠

= longitudinal reinforcement ratio

𝜌𝑠ℎ

= volumetric ratio of steel helix
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𝜎𝜃

= hoop stress of the steel tube

𝜛, 𝜉

= coefficients of linear equations for model Aslani and Nejadi19
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CHAPTER 8: AXIAL LOAD-BENDING MOMENT
INTERACTIONS OF SELF-COMPACTING CONCRETE
COLUMNS REINFORCED WITH STEEL TUBES
Summary
Chapter seven presented a simplified analytical model of SCC columns reinforced with
steel tubes under concentric axial load. This chapter presents an analytical model for the
axial load-bending moment interactions of SCC columns reinforced with steel tubes
under different loading conditions including concentric axial load, 25 mm eccentric and
50 mm eccentric axial loads and flexural load. Results of the analytical model have been
compared with experimental results of sixteen SCC column specimens. The predictions
of the developed analytical model have been found to be in good agreement with the
experimental investigation results. A parametric study was conducted to investigate the
influences of the compressive strength of the SCC, tensile strength of the steel tube,
wall thickness of the steel tube and pitch of the steel helix on the axial load-bending
moment interactions of SCC columns reinforced with steel tubes. It was found that the
compressive strength of concrete significantly influenced the maximum axial load
capacity of the SCC columns under concentric, 25 mm eccentric and 50 mm eccentric
axial loads, while the tensile strength of longitudinal steel tubes significantly influenced
the maximum bending moment of SCC columns under flexural load.

It is important to mention that no slip of steel tubes occurred in the SCC columns under
concentric axial loads. Under eccentric axial loads, the slip of steel tubes in the SCC
columns occurred after the maximum axial load of the SCC was reached. The maximum
axial loads of SCC columns under eccentric loads were used in determining the axial
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load-bending moment interaction of SCC columns. In addition, under flexural loads, the
problem of slip of steel tubes was adequately prevented in the SCC columns.

Citation
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Structures with the following citation:
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interactions of self-compacting concrete columns reinforced with steel tubes."
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Highlights
•

Behaviour of SCC columns reinforced with steel tubes is analytically investigated.

•

An analytical model for load-moment interactions of SCC columns is developed.

•

Results of the analytical model are in good agreement with the experimental results.

•

Compressive strength of concrete significantly influences the axial load of SCC
columns.

•

Tensile strength of steel tubes significantly influences the pure moment of SCC
columns.

Abstract
In this study, an analytical model has been developed for the axial load-bending
moment interactions of self-compacting concrete (SCC) columns reinforced with steel
tubes. The developed analytical model takes into account the contributions of the steel
tubes, unconfined concrete cover, confined concrete core and confined concrete inside
the steel tube. Results of the analytical model were compared with experimental
investigation results of sixteen SCC column specimens of 240 mm diameter and 800
mm height. The results of the analytical model have been found to be in good agreement
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with the experimental results. A parametric study was conducted to investigate the
influences of the compressive strength of the SCC, tensile strength of the steel tube,
wall thickness of the steel tube and pitch of the steel helix on the axial load-bending
moment interactions of SCC columns reinforced with steel tubes. It was found that the
compressive strength of concrete significantly influenced the maximum axial load
capacity of the SCC columns under concentric, 25 mm eccentric and 50 mm eccentric
axial loads, while the tensile strength of longitudinal steel tubes significantly influenced
the maximum bending moment of SCC columns under flexural load.

Keywords: Composite columns; self-compacting concrete; steel tube; axial load;
eccentricity; stress-strain.

8.1 Introduction
Steel sections are usually used in the construction of composite columns in two forms:
steel section encased in concrete (commonly known as encased steel section columns)
and steel section infilled with concrete (commonly known as concrete filled steel tube
columns) (Shanmugam and Lakshmi 2001). The composite columns constructed with
steel sections and concrete are generally used in high-rise buildings due to their high
axial load capacity, ductility as well as fire and seismic resistance (Johansson and
Gylltof 2002; Patel et al. 2015; Ouyang et al. 2017; Li et al. 2017; Liu et al. 2017). In
concrete filled steel tube (CFT) columns, steel tubes act as longitudinal and also as
transverse reinforcement (Yu et al. 2007). The infill concrete prevents the local buckling
of the steel tube. The traditional CFT column is usually constructed by filling the steel
tube with concrete without using any internal reinforcement (Han 2002; Du et al. 2016;
Lai and Varma 2016). Longitudinal and transverse steel reinforcement can also be used
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in the CFT columns to increase the strengths of CFT columns and to provide better
connections between the CFT columns and other structural elements (Xiamuxi and
Hasegawa 2012; Moon et al. 2013). Also, the addition of steel reinforcement in the CFT
columns reduces the problem of local buckling of large-diameter steel tubes (Chen et al.
2017). Circular steel tube sections are usually preferred in the construction of the CFT
columns because the wall of the circular steel tube resists the lateral concrete pressure
by membrane-type hoop stresses compared to the steel plate bending of the square or
rectangular steel tubes (Sehneider 1998).

The CFT columns are usually constructed of normal vibrated concrete (NVC). Recently,
the self-compacting concrete (SCC) is also used in the construction of CFT columns (Li
et al. 2017; Han and Yao 2004). The SCC possesses excellent engineering properties
including high flowability, passing ability, and segregation resistances (EFNARC 2002;
Ahari et al. 2015; Ghafoori et al. 2016). The SCC can flow and consolidate under its
own weight (Heirman et al. 2008). Hence, no vibration is required for compaction
(Barluenga et al. 2017).

Han et al. (2005) examined the behaviour of square and circular CFT columns
constructed of SCC under axial load. The test results showed that the failure mode of
CFT columns constructed of SCC was similar to the failure mode of CFT columns
constructed of NVC. It was also found that the resistance of the local buckling by
circular CFT columns was more than the resistance of the local buckling by square CFT
columns. Zhu et al. (2010) examined the performance of axially loaded composite
columns constructed of high strength SCC with steel tubes and steel sections. Square
steel tubes with cruciform steel and I-shaped steel sections were used in the construction
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of composite columns. The test results indicated that the failure modes of the composite
columns (steel tubes with encased steel sections) were quite different from the failure
modes of the traditional CFT columns without encased steel sections because the
encased steel sections delayed the formation of shear sliding cracks.

Recently, the behaviour of a new type of composite column constructed with SCC and
reinforced with small diameter circular steel tubes was investigated by Hadi et al.
(2017). The use of steel tubes in reinforcing SCC columns showed several advantages
including high maximum axial load and high ductility. For the same cross-sectional
area, the radius of gyration of a circular steel tube is higher than the radius of gyration
of a solid steel bar. Hence, the bending stiffness of the steel tube is higher than the
bending stiffness of the steel bar. It was found that the steel tube sections effectively
confined the infill concrete (Hadi et al. 2017). Also, the infill concrete prevented local
buckling of the steel tube by changing the failure mode from inward to outward
buckling (Alhussainy et al. 2017). Hence, for the similar tensile strength and crosssectional area of steel tubes and steel bars, the maximum axial load and ductility of the
SCC columns reinforced with steel tubes are higher than the SCC columns reinforced
with steel bars (Hadi et al. 2017). However, no analytical study, encompassing the
influences of different parameters, has yet been conducted to investigate the behaviour
of SCC columns reinforced with small diameter steel tubes.

This paper develops an analytical model to predict the axial load-bending moment
interactions of SCC columns reinforced with small diameter steel tubes. The analytical
model has been validated with the experimental results of Hadi et al. (2017). The
analytical model takes into account the contributions of the steel tubes, unconfined
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concrete cover, confined concrete core and confined concrete inside the steel tube. The
results of the analytical model have been found to be well matching with the
experimental investigation results. The influences of the compressive strength of the
SCC, tensile strength of the steel tube, wall thickness of the steel tube and pitch of the
steel helix on the axial load-bending moment interactions of SCC columns reinforced
with steel tubes have been investigated.

8.2 Development of an Analytical Model
The SCC columns reinforced with steel tubes can be broadly divided into four main
components: (1) longitudinal steel tubes, (2) unconfined concrete cover, (3) confined
concrete core and (4) confined concrete inside the steel tubes (Figure 1). Each
component of the SCC column reinforced with small diameter steel tubes contributes to
sustaining the axial load. The stress-strain relationships of the components of SCC
columns reinforced with small diameter steel tubes are presented below.

Figure 8.1: Components in the SCC column reinforced with steel tubes
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8.2.1 Longitudinal Steel Tubes
A simplified stress-strain relationship of the longitudinal steel tubes is used in the
analytical model. The stress-strain relationship of the steel tubes under tension and
compression is idealized as bilinear elasto-plastic (Equations 8.1a and 8.1b). The strain
hardening response of the longitudinal steel tube was neglected for the simplified
analytical model.
𝑓𝑡 = 𝜀𝑡 𝐸𝑡

𝜀𝑡 ≤ 𝜀𝑡𝑦

(8.1a)

𝑓𝑡 = 𝑓𝑡𝑦

𝜀𝑡 > 𝜀𝑡𝑦

(8.1b)

where 𝑓𝑡 is the axial stress of the steel tube; 𝑓𝑡𝑦 is the yield stress of the steel tube; 𝜀𝑡 is
the axial strain corresponding to the 𝑓𝑡 ; 𝜀𝑡𝑦 is the axial strain corresponding to the 𝑓𝑡𝑦 ;
and 𝐸𝑡 is the modulus of elasticity of the steel tube.

8.2.2 Unconfined Concrete Cover
The stress-strain relationship of self-compacting concrete (SCC) in Aslani and Nejadi
(2012) is adopted to model the stress-strain relationship of unconfined concrete cover in
the SCC column specimens (Equation 8.2).
𝑓𝑐 =

𝑓𝑐𝑜 𝑛′ (𝜀𝑐 ⁄𝜀𝑐𝑜 )

(8.2)

′

𝑛′ −1+(𝜀𝑐 ⁄𝜀𝑐𝑜 )𝑛

𝑛′ = 𝑛1′ = [1.02 − 1.17(𝐸𝑠𝑒𝑐,𝑢 /𝐸𝑐 )]

−0.74

𝑛′ = 𝑛2′ = 𝑛1′ + (𝜛 + 28 × 𝜉)

If 𝜀𝑐 ≤ 𝜀𝑐𝑜

(8.3a)

If 𝜀𝑐 > 𝜀𝑐𝑜

(8.3b)

𝐸𝑐 = 3655 × (𝑓𝑐𝑜 )0.548 (MPa)

(8.4)

𝜛 = (135.16 − 0.1744 × 𝑓𝑐𝑜 )−0.46

(8.5)

𝜉 = 0.83exp(−911/𝑓𝑐𝑜 )
𝑓

𝐸𝑠𝑒𝑐,𝑢 = 𝜀𝑐𝑜

𝑐𝑜

𝑓

𝜓

𝜀𝑐𝑜 = ( 𝐸𝑐𝑜 ) (𝜓−1)
𝑐
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(8.6)
(8.7)
(8.8)

𝑓

𝑐𝑜
𝜓 = ( 17
) + 0.8

(8.9)

where 𝑓𝑐 is the unconfined concrete stress; 𝑓𝑐𝑜 is the unconfined concrete compressive
strength; 𝜀𝑐 is the axial strain corresponding to 𝑓𝑐 ; 𝜀𝑐𝑜 is the axial strain corresponding
to 𝑓𝑐𝑜 ; 𝐸𝑐 is the modulus of elasticity of the SCC; 𝐸𝑠𝑒𝑐,𝑢 is the secant modulus of
elasticity of the unconfined concrete; 𝑛′ is a material parameter depending on the shape
of stress-strain curve; 𝑛1′ and 𝑛2′ are the modified material parameters for the ascending
branch (Equation 8.3a) and descending branch (Equation 8.3b), respectively; and 𝜛, 𝜉
and 𝜓 are coefficients expressed in terms of 𝑓𝑐𝑜 .

The unconfined concrete compressive strength 𝑓𝑐𝑜 is assumed to equal to 28-day
cylinder compressive strength (𝑓𝑐′ ) multiplied by the coefficient ∝1 according to AS
3600 (2009). The coefficient ∝1 is expressed as:
∝1 = 1.0 − 0.003𝑓𝑐′

(𝑓𝑐′ in MPa)

0.72 ≤∝1 ≤ 0.85

(8.10)

8.2.3 Confined Concrete Core
Two confined concrete stress-strain relationships are needed for the SCC columns
reinforced with small diameter longitudinal steel tubes: stress-strain relationship of
confined concrete core and the stress-strain relationship of confined concrete inside the
steel tubes. The concrete stress-strain relationship in Mander et al. (1988) is used to
model the stress-strain relationship of the confined concrete core (Equation 8.11).
𝑓𝑐𝑐 =

′ 𝑟 (𝜀 ⁄𝜀 ′ )
𝑓𝑐𝑐
𝑐 𝑐𝑐 𝑐𝑐
′ )
𝑟𝑐 −1+(𝜀𝑐𝑐 ⁄𝜀𝑐𝑐

𝑟𝑐 = 𝐸

𝐸𝑐

𝑐 −𝐸𝑠𝑒𝑐,𝑐

𝑓′

𝐸𝑠𝑒𝑐,𝑐 = 𝜀𝑐𝑐
′

𝑐𝑐
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𝑟𝑐

(8.11)
(8.12)
(8.13)

where 𝑓𝑐𝑐 is the confined concrete stress; 𝑓𝑐𝑐′ is the peak stress of confined concrete; 𝜀𝑐𝑐
′
is the axial strain corresponding to 𝑓𝑐𝑐 ; 𝜀𝑐𝑐
is the axial strain corresponding to 𝑓𝑐𝑐′ ; and
′
𝐸𝑠𝑒𝑐,𝑐 is the secant modulus of elasticity of the confined concrete. The 𝑓𝑐𝑐′ and 𝜀𝑐𝑐
are

calculated using Equations (8.14) and (8.15), respectively.
𝑓𝑐𝑐′ = 𝑓𝑐𝑜 (2.254 × √1 +

7.94𝑓𝑙
𝑓𝑐𝑜

2𝑓

− 𝑓 𝑙 − 1.254)

𝑓′

𝑐𝑜

′
𝜀𝑐𝑐
= 𝜀𝑐𝑜 [1 + 5 (𝑓𝑐𝑐 − 1)]
𝑐𝑜

(8.14)
(8.15)

where 𝑓𝑙 is the effective confining pressure of the steel helix, which is calculated as:
1

𝑓𝑙 = 2 𝑘𝑒 𝜌𝑠ℎ 𝑓𝑦ℎ
𝜌𝑠ℎ =

𝑘𝑒 =

4 𝐴𝑠ℎ
𝑠 𝐷𝑐

1−

𝑠′
2𝐷𝑐

1−𝜌𝑐𝑐

(8.16)
(8.17)

(8.18)

where 𝑘𝑒 is the coefficient of the confined concrete core by the steel helix; 𝜌𝑠ℎ is the
volumetric ratio of the steel helix; 𝑓𝑦ℎ is the yield tensile stress of the steel helix; 𝐴𝑠ℎ is
the area of the steel helix; 𝐷𝑐 is the centre-to-centre diameter of the steel helix; 𝜌𝑐𝑐 is the
ratio of area of longitudinal steel reinforcement to the area of the concrete core of the
column; 𝑠 is the centre-to-centre spacing of the steel helix; and 𝑠 ′ is the clear spacing
between the turns of the steel helix.

The peak stress of confined concrete (𝑓𝑐𝑐′ ) in Mander et al. (1988) is usually used with
normal strength concrete having the compressive strength of 31 MPa. However, for
concrete with the compressive strength higher than 31 MPa, Bing et al. (2001) adjusted
the peak stress of confined concrete 𝑓𝑐𝑐′ with a modification factor 𝛼𝑠 (Equations 8.198.21), which has been adopted in this study.
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𝑓𝑐𝑐′ = 𝑓𝑐𝑜 (2.254 × √1 +

7.94𝛼𝑠 𝑓𝑙

𝑓

𝛼𝑠 = (21.2 − 0.35𝑓𝑐𝑜 ) 𝑓 𝑙

𝑐𝑜

𝑓

𝛼𝑠 = 3.1 𝑓 𝑙

−

2𝛼𝑠 𝑓𝑙

− 1.254)

(8.19)

𝑤ℎ𝑒𝑛 𝑓𝑐𝑜 ≤ 52 𝑀𝑃𝑎

(8.20)

𝑓𝑐𝑜

𝑓𝑐𝑜

𝑤ℎ𝑒𝑛 𝑓𝑐𝑜 > 52 𝑀𝑃𝑎

𝑐𝑜

(8.21)

8.2.4 Confined Concrete inside the Steel Tubes
To model the stress-strain relationship of confined SCC inside the steel tubes, the
concrete stress-strain relationship in Mander et al. (1988) is also adopted (Equation
8.11). However, for the SCC inside the steel tubes, the unconfined concrete compressive
strength 𝑓𝑐𝑜 of the SCC is assumed to be equal to 28-day cylinder compressive strength
(𝑓𝑐′ ) multiplied by the coefficient of compressive strength of concrete (∝1 ). The ∝1 is
taken equal to 0.95 in this study, according to the AISC (2010). In addition, the effective
confining pressure provided by the steel tube is different from the effective confining
pressure provided by the steel helix. The steel helix mainly provides confining pressure
to the concrete core, whereas steel tube resists axial stresses in addition to providing
confinement to the concrete inside the steel tube. The common assumption adopted for
the maximum confining pressure was that the steel helix would reach its yield stress
(Mander et al. 1988). This assumption may not be applicable to the confining pressure
provided by the steel tube. Thus, the effective confining pressure provided by the steel
tube is calculated based on the equilibrium of forces (Figure 8.2) using Equation (8.22).
2 𝑡 𝜎𝜃

𝑓𝑙𝑡 = 𝑑

𝑡 −2𝑡

(8.22)

where 𝑡 is the wall thickness of the steel tube; 𝑑𝑡 is the outside diameter of the steel
tube; and 𝜎𝜃 is the hoop stress of the steel tube. It is noted that a similar equation is used
to calculate the effective confining stress for circular CFT columns (Liu et al. 2017).
However, the hoop stress of the small diameter steel tube in SCC columns is different
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from the hoop stress of the CFT columns because the small diameter steel tubes used in
reinforcing SCC columns have restraining effect by the concrete around the steel tube.
The hoop stress of the steel tube in the SCC column is calculated as:

𝜎𝜃 = 𝜀𝜃 𝐸𝑡

(8.23)

where 𝜀𝜃 is the hoop strain of the steel tube and 𝐸𝑡 is the modulus of elasticity of the
steel tube.

At the maximum axial load, the experimental hoop stress of the longitudinal steel tube
in the SCC columns can be used to calculate the coefficient hoop factors (𝛼𝜃 ) as:

𝛼𝜃 = 𝜎𝜃 ⁄𝑓𝑡𝑦

(8.24)

The 𝛼𝜃 of the CFT columns ranges between 0.10 and 0.19 (Elremaily and Azizinamini
2002; Morino and Tasuda 2002). However, the 𝛼𝜃 of steel tubes used in reinforcing
SCC columns is higher than the 𝛼𝜃 of the CFT columns, because of the additional
confinement provided by the steel helix and the concrete around the steel tube.
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𝑓𝑙𝑡

𝑡 𝜎𝜃

𝑡 𝜎𝜃
𝑡

(𝑑𝑡 − 2𝑡)

𝑡

Figure 8.2: The effective confining pressure of the steel tube filled with SCC

8.3 Analytical Axial Load-Bending Moment Interactions
The analytical axial load-bending moment (P-M) interactions of SCC columns
reinforced with steel tubes are constructed based on the stress-strain relationships for the
longitudinal steel tubes, unconfined concrete cover, confined concrete core and confined
concrete inside steel tubes.

For SCC columns under concentric axial load, the axial load contribution of each
component of the column was calculated by multiplying the stresses of each component
with the respective cross-sectional area. For an axial strain, the stress in each component
(longitudinal steel tubes, unconfined concrete cover, confined concrete core and
confined concrete inside the steel tubes) is calculated. The total axial load of the SCC
columns reinforced with steel tubes is calculated as:
𝑃𝑎𝑥𝑖𝑎𝑙 = 𝑓𝑡 𝐴𝑡 + 𝑓𝑐,𝑐𝑜𝑣𝑒𝑟 𝐴𝑐𝑜𝑣𝑒𝑟 + 𝑓𝑐𝑐,𝑐𝑜𝑟𝑒 𝐴𝑐𝑜𝑟𝑒 + 𝑓𝑐𝑐,𝑡𝑢𝑏𝑒 𝐴𝑡𝑢𝑏𝑒
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(8.25)

where 𝑃𝑎𝑥𝑖𝑎𝑙 is the total axial load of columns under concentric axial load; 𝑓𝑡 , 𝑓𝑐,𝑐𝑜𝑣𝑒𝑟 ,
𝑓𝑐𝑐,𝑐𝑜𝑟𝑒 and 𝑓𝑐𝑐,𝑡𝑢𝑏𝑒 are the axial stress in the longitudinal steel tubes, axial stress in the
unconfined concrete cover, axial stress in the confined concrete core and axial stress in
the confined concrete inside steel tubes, respectively; and 𝐴𝑡 , 𝐴𝑐𝑜𝑣𝑒𝑟 , 𝐴𝑐𝑜𝑟𝑒 and 𝐴𝑡𝑢𝑏𝑒
are the cross-sectional areas of longitudinal steel tubes, unconfined concrete cover,
confined concrete core and confined concrete inside steel tubes, respectively.

For SCC columns under 25 and 50 mm eccentric axial loads and flexural loads, the
compressive force of the concrete was determined by using the layer-by-layer
integration method. The cross-section of the column was divided into 𝑛 number of small
parallel layers, as shown in Figure 8.3.
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Centreline

Figure 8.3: Layer-by-layer integration method
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The thickness of each layer (𝑡𝑜 ) is calculated by dividing the diameter of the column (𝐷)
by 𝑛. In this study, the 𝑛 is taken equal to the diameter of the column. Hence, 𝑡𝑜 is equal
to 1 mm. The distance from the extreme concrete compressive fibre to the mid-height of
each layer (𝑌𝑖 ) can be calculated as:
1

𝑌𝑖 = (𝑖 − 2) 𝑡𝑜

(8.26)

where, 𝑖 = 1, 2, 3,….., 𝑛, starting from the top of the section. Based on the location of
the concrete layer, the average width of each component of the layer (𝑏𝑐𝑜𝑣𝑒𝑟,𝑖 , 𝑏𝑐𝑜𝑟𝑒,𝑖
and 𝑏𝑡𝑢𝑏𝑒,𝑖 ) can be calculated using Equation (8.27) to Equation (8.31).
𝐷

𝑏(𝑖𝑛𝑠𝑖𝑑𝑒 ℎ𝑒𝑙𝑖𝑥),𝑖 = 0

for ( 2 +
𝐷

2

2

𝐷

𝐷

𝑏(𝑖𝑛𝑠𝑖𝑑𝑒 ℎ𝑒𝑙𝑖𝑥),𝑖 = 2 × √( 2𝑐) − ( 2 − 𝑌𝑖 )
𝐷 2

for ( 2 −

𝐷𝑐
2
𝐷𝑐
2

𝐷

) ≤ 𝑌𝑖 ≤ ( 2 −
𝐷

) < 𝑌𝑖 < ( 2 +

𝐷𝑐
2
𝐷𝑐
2

) (8.27a)

) (8.27b)

2

𝐷

𝑏𝑐𝑜𝑣𝑒𝑟,𝑖 = 2 × √( 2 ) − ( 2 − 𝑌𝑖 ) − 𝑏(𝑖𝑛𝑠𝑖𝑑𝑒 ℎ𝑒𝑙𝑖𝑥),𝑖

(8.28)

For the layers within the concrete core that do not cross the tubes:
𝑏𝑐𝑜𝑟𝑒,𝑖 = 𝑏(𝑖𝑛𝑠𝑖𝑑𝑒 ℎ𝑒𝑙𝑖𝑥),𝑖

(8.29)

For the layers within the concrete core that crosses the tubes:
𝑏𝑐𝑜𝑟𝑒,𝑖 = 𝑏(𝑖𝑛𝑠𝑖𝑑𝑒 ℎ𝑒𝑙𝑖𝑥),𝑖 − 𝑏𝑡𝑢𝑏𝑒,𝑖

(8.30)

For the steel tubes:
𝑑

𝑑

𝑑

𝑑

for (𝑑𝑗 + 2𝑡 ) ≤ 𝑌𝑖 ≤ (𝑑𝑗 − 2𝑡 )

𝑏𝑗,𝑖 = 0
𝑑

2

𝑏𝑗,𝑖 = 2 × √( 2𝑡 ) − (𝑑𝑗 − 𝑌𝑖 )

2

for (𝑑𝑗 − 2𝑡 ) < 𝑌𝑖 < (𝑑𝑗 + 2𝑡 )
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(8.31a)

(8.31b)

where, 𝑗 = 1, 2, 3,…., 𝑚; 𝑚 is number of longitudinal steel tubes in the column and 𝑑𝑗
is the distance from the extreme concrete compressive fibre to the centreline of the steel
tube.

The strain distribution within the circular column cross-section is considered linear by
assuming plane sections remain plane after bending. The strain (𝜀𝑐,𝑖 ) at the centre of
each layer can be calculated as:
𝜀𝑐,𝑖 = 𝜀𝑐𝑢 ×

𝑑𝑛 −𝑌𝑖
𝑑𝑛

(8.32)

where 𝜀𝑐𝑢 is the ultimate strain of concrete and 𝑑𝑛 is the depth of neutral axis (𝑁. 𝐴.), as
shown in Figure 8.3.

After calculating the strain in each layer, the corresponding stresses at the centre of each
layer are calculated according to the stress-strain relationships of unconfined concrete,
confined concrete core and confined concrete inside the steel tubes. It is noted that the
tensile strength of concrete is ignored in the calculations.

The compressive forces at the centre of each concrete layer can be calculated using
Equation (8.33) to Equation (8.35).
𝑃𝑐𝑜𝑣𝑒𝑟,𝑖 = 𝑓𝑐𝑜𝑣𝑒𝑟,𝑖 × 𝑏𝑐𝑜𝑣𝑒𝑟,𝑖 × 𝑡𝑜

(8.33)

𝑃𝑐𝑜𝑟𝑒,𝑖 = 𝑓𝑐𝑜𝑟𝑒,𝑖 × 𝑏𝑐𝑜𝑟𝑒,𝑖 × 𝑡𝑜

(8.34)

𝑃𝑡𝑢𝑏𝑒,𝑖 = 𝑓𝑡𝑢𝑏𝑒,𝑖 × 𝑏𝑡𝑢𝑏𝑒,𝑖 × 𝑡𝑜

(8.35)

where 𝑃𝑐𝑜𝑣𝑒𝑟,𝑖 , 𝑓𝑐𝑜𝑣𝑒𝑟,𝑖 and 𝑏𝑐𝑜𝑣𝑒𝑟,𝑖 are the compressive force, compressive stress and
width, respectively, of the concrete cover in the 𝑖 𝑡ℎ layer; 𝑃𝑐𝑜𝑟𝑒,𝑖 , 𝑓𝑐𝑜𝑟𝑒,𝑖 and 𝑏𝑐𝑜𝑟𝑒,𝑖 are
the compressive force, compressive stress and width, respectively, of the concrete core
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in the 𝑖 𝑡ℎ layer; and 𝑃𝑡𝑢𝑏𝑒,𝑖 , 𝑓𝑡𝑢𝑏𝑒,𝑖 and 𝑏𝑡𝑢𝑏𝑒,𝑖 are the compressive force, compressive
stress and width, respectively, of the concrete inside the steel tube in the 𝑖 𝑡ℎ layer.

The bending moment for each layer is calculated by multiplying the force in each layer
by the distance from the centre of each layer to the centreline of the circular column
cross-section. The total force of the concrete cross-section is calculated as the
summation of the forces acting on the layers. The tensile forces are considered negative
while the compressive forces are considered positive. Therefore, the axial load carrying
capacity of the column (𝑃𝑇 ) is equal to the summation of the forces acting on the
concrete and forces acting on the steel tubes (Equation 8.36). Similarly, the moment
carrying capacity is equal to the sum of the moments with respect to the plastic centroid
of the specimen cross-section under a given axial load eccentricity (Equation 8.37).

𝑃𝑇 = ∑𝑛𝑖=1(𝑃𝑐𝑜𝑣𝑒𝑟,𝑖 + 𝑃𝑐𝑜𝑟𝑒,𝑖 + 𝑃𝑡𝑢𝑏𝑒,𝑖 ) + ∑𝑚
𝑗=1 𝑃𝑠,𝑗
𝐷

(8.36)
𝐷

𝑀𝑇 = ∑𝑛𝑖=1(𝑃𝑐𝑜𝑣𝑒𝑟,𝑖 + 𝑃𝑐𝑜𝑟𝑒,𝑖 + 𝑃𝑡𝑢𝑏𝑒,𝑖 ) ( 2 − 𝑌𝑖 ) + ∑𝑚
𝑗=1 𝑃𝑠,𝑗 ( 2 − 𝑑𝑗 )

(8.37)

where, 𝑃𝑠,𝑗 is the force of the steel tube.

8.4 Experimental Program
The details of the experimental program including the design of experiments, specimen
preparation and testing, failure modes and behaviour of the specimens under concentric
axial load, eccentric axial load and flexural load were presented in Hadi et al. (2017).
All specimens were tested at the Structural Engineering Laboratories, School of Civil,
Mining, and Environmental Engineering, University of Wollongong, Australia. For
clarity, the SCC specimens reinforced with steel tubes under different loading
conditions are briefly reviewed in this paper.
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A total of 16 self-compacting concrete (SCC) specimens reinforced with steel tubes
were cast and tested under different loading conditions. All specimens were 240 mm in
diameter and 800 mm in height. The specimens were divided into four groups with four
specimens in each group. For each group, the first specimen was tested under concentric
axial load, the second and third specimens were tested under 25 and 50 mm eccentric
axial loads, respectively, and the last specimen was tested under flexural load. The
specimens in the first and second groups were reinforced longitudinally with ST33.7
steel tubes. The ST33.7 steel tube had 33.7 mm outside diameter, 2 mm wall thickness
and 350 MPa nominal tensile strength. The specimens in the first and second groups
were reinforced transversely with steel helices at 50 mm and 75 mm pitch, respectively.
The specimens in the third and fourth groups were reinforced longitudinally with
ST26.9 steel tubes. The ST26.9 steel tube had 26.9 mm outside diameter, 2.6 mm wall
thickness and 250 MPa nominal tensile strength. The specimens in the third and fourth
groups were also reinforced transversely with steel helices at 50 mm and 75 mm pitch,
respectively. All specimens were reinforced transversely with 10 mm diameter round
steel bar (R10). The nominal tensile strength of the R10 bar was 250 MPa. Table 8.1
provides details of the SCC specimens reinforced with small diameter steel tubes.

214

Table 8.1: Details of SCC specimens reinforced with steel tubes included in this study (Hadi et al. 2017)
Group
Name

Specimen
Labels

Longitudinal Reinforcement
Number
of Steel
Tubes

ST33.7-H50

ST33.7-H50-C
ST33.7-H50-E25
ST33.7-H50-E50
ST33.7-H50-F

6
6
6
6

Outside
Diameter
of Steel
Tubes (mm)
33.7
33.7
33.7
33.7

ST33.7-H75

ST33.7-H75-C
ST33.7-H75-E25
ST33.7-H75-E50
ST33.7-H75-F

6
6
6
6

ST26.9-H50

ST26.9-H50-C
ST26.9-H50-E25
ST26.9-H50-E50
ST26.9-H50-F

ST26.9-H75

ST26.9-H75-C
ST26.9-H75-E25
ST26.9-H75-E50
ST26.9-H75-F

Thickness Reinforcement
of Tubes
Ratio, 𝜌𝑠
(mm)
(%)

Transverse
Loading
Reinforcement
Conditions
Pitch
Reinforcement
(mm)
Ratio, 𝜌𝑠ℎ
(%)

2
2
2
2

2.64
2.64
2.64
2.64

50
50
50
50

3.3
3.3
3.3
3.3

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

33.7
33.7
33.7
33.7

2
2
2
2

2.64
2.64
2.64
2.64

75
75
75
75

2.2
2.2
2.2
2.2

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

6
6
6
6

26.9
26.9
26.9
26.9

2.6
2.6
2.6
2.6

2.63
2.63
2.63
2.63

50
50
50
50

3.3
3.3
3.3
3.3

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

6
6
6
6

26.9
26.9
26.9
26.9

2.6
2.6
2.6
2.6

2.63
2.63
2.63
2.63

75
75
75
75

2.2
2.2
2.2
2.2

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural
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8.5 Analytical versus Experimental Results
The analytical and experimental axial load-bending moment (P-M) interactions of the
SCC specimens reinforced with small diameter steel tubes are compared (Figure 8.4).
Experimental P-M interactions of SCC specimens were constructed based on four
points: concentric axial load, 25 and 50 mm eccentric axial loads, and flexural load
(Hadi et al. 2017). It was found that the analytical P-M interactions were in good
agreement with the experimental P-M interactions. Under concentric axial load, the
analytical and experimental maximum axial loads were similar. Hence, the maximum
axial load of the SCC columns under concentric axial load calculated by the
superposition of the load-deformation behaviour of the different components
(longitudinal steel tubes, unconfined concrete cover, confined concrete core and
confined concrete inside the steel tubes) represented the maximum axial load of the
column reasonably accurately.

Under 25 mm eccentric axial load, the analytical maximum axial load and bending
moment calculated for SCC columns longitudinally reinforced with ST33.7 steel tubes
and transversely reinforced with either 50 mm or 75 mm pitch of the steel helix were
about 4% smaller than the experimental maximum axial load and bending moment. The
analytical maximum axial load and bending moment calculated for SCC columns
longitudinally reinforced with ST26.9 steel tubes and transversely reinforced with 50
mm pitch of the steel helix were about 5% smaller than the experimental maximum
axial load and bending moment. However, the analytical maximum axial load and
bending moment calculated for SCC columns longitudinally reinforced with ST26.9
steel tubes and transversely reinforced with 75 mm pitch of the steel helix were about
2% higher than the experimental maximum axial load and bending moment. The lower
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experimental maximum axial load and bending moment of the column might be because
the slip of ST26.9 steel tube in the concrete, which occurred due to the higher
slenderness (𝑠/𝑑𝑡 ) ratio of ST26.9 compared to the slenderness ratio of ST33.7.

Under 50 mm eccentric axial load, the analytical maximum axial load and bending
moment calculated for SCC columns longitudinally reinforced with ST33.7 steel tubes
and transversely reinforced with either 50 mm or 75 mm pitch of the steel helix were
about 7% smaller than the experimental maximum axial load and bending moment. The
analytical maximum axial load and bending moment calculated for SCC columns
longitudinally reinforced with ST26.9 steel tubes and transversely reinforced with 50
mm pitch of the steel helix were about 9% smaller than the experimental maximum
axial load and bending moment. The analytical maximum axial load and bending
moment calculated for SCC columns longitudinally reinforced with ST26.9 steel tubes
and transversely reinforced with 75 mm pitch of the steel helix were about 4% smaller
than the experimental maximum axial load and bending moment. It is evident that the
results of the analytical model match very well with the experimental investigation
results of SCC column specimens under concentric and eccentric axial loads.

Under flexural load, the experimental bending moments of specimens reinforced with
ST33.7 and ST26.9 steel tubes were about 45-55% higher than the analytical bending
moments. The higher experimental bending moments was because the specimens tested
under flexural load had a shear span to depth ratio less than twice the effective depth of
the concrete cross-section. Hence, the failure of the specimens might not be due to the
pure bending. None-the less, the analytical model provides satisfactory estimates of the
maximum axial load and bending moment of the SCC columns reinforced with small
diameter steel tubes (Figure 8.4).
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Figure 8.4: Comparison between analytical and experimental axial load-bending moment interactions of the tested specimens in
Hadi et al. (2017): (a) Group ST33.7H50; (b) Group ST26.9H50; (c) Group ST33.7H75; and (d) Group ST26.9H75
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8.6 Parametric Study
The developed analytical model was used to study the influences of different parameters
on the axial load-bending moment (P-M) interactions of SCC columns reinforced with
steel tubes. The parameters studied were the compressive strength of the SCC, tensile
strength of the steel tube, wall thickness of the steel tube and pitch of the steel helix.

8.6.1 Influence of Compressive Strength of Concrete
Four different compressive strengths of concrete (30 MPa, 40 MPa, 50 MPa and 57
MPa) were considered. The SCC columns were reinforced longitudinally with either six
ST33.7 or six ST26.9 steel tubes and transversely with 50 mm pitch of the steel helix of
10 mm diameter. The tensile strengths of ST33.7 and ST26.9 steel tubes were 450 MPa
and 355 MPa, respectively, which were similar to the yield strength of the steel tubes
used in reinforcing the tested specimens in Hadi et al. (2017). The influence of
compressive strength of concrete on the P-M interactions of the SCC columns
reinforced with small diameter steel tubes is shown in Figure 8.5. It was observed that
the maximum axial load and bending moment capacities of the columns increased with
the increase in the compressive strength of concrete.

For the increase of the compressive strength of concrete from 30 MPa to 57 MPa, under
concentric axial load, the maximum axial load of the SCC columns reinforced with
ST33.7 steel tubes increased from 2236 kN to 2729 kN. The maximum axial load of the
SCC columns reinforced with ST26.9 steel tubes increased from 2085 kN to 2598 kN.
For the increase of the compressive strength of concrete from 30 MPa to 57 MPa, the
maximum axial load of the SCC columns reinforced with ST33.7 and ST26.9 steel tubes
increased by about 22% and 24.6%, respectively (Table 8.2). Increase in the
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compressive strength of concrete increased the contribution of the concrete to the axial
load carrying capacity of the column. Also, the axial load capacity of the steel tubes
filled with concrete increased with increasing compressive strength of concrete
(Oliveira et al. 2009). The confinement of the concrete inside the ST26.9 steel tubes was
higher than the confinement of the concrete inside the ST33.7 steel tubes because the
outside diameter to thickness (𝑑𝑡 /𝑡) ratio of ST26.9 steel tube was 39% lower than the
𝑑𝑡 /𝑡 ratio of ST33.7 steel tube. The lower 𝑑𝑡 /𝑡 ratio of steel tube provided higher
confinement to the concrete inside the steel tube (Uy et al. 2011).

For the increase of the compressive strength of concrete from 30 MPa to 57 MPa, under
concentric, 25 mm eccentric and 50 mm eccentric axial load, the maximum axial load
capacities of the SCC columns increased by 493 kN, 469 kN and 316 kN, respectively
(Table 8.2). Under concentric, 25 mm eccentric and 50 mm eccentric axial load, the
contributions of the concrete were 70%, 67% and 60%, respectively, in the maximum
axial load capacity of the SCC column. For the increase of the compressive strength of
concrete from 30 MPa to 57 MPa, under 25 and 50 mm eccentric axial loads and
flexural load, the bending moment capacities of the SCC columns reinforced with
ST33.7 steel tubes increased by about 37.1%, 38.5 and 12.1%, respectively. The
bending moment capacities of the SCC columns reinforced with ST26.9 steel tubes
increased by about 36.6%, 37.9 and 12.5%, respectively (Table 8.2). The increase in the
bending moment capacity of SCC columns under flexural load was less than the
increase in the bending moment capacities of SCC columns under eccentric axial loads.
This is particularly because the contribution of the concrete, including the concrete
inside the steel tubes, was 30% in the maximum load capacity of the columns under
flexural load, as the majority of the load was carried by the steel tubes.
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Figure 8.5: The influence of compressive strength of concrete on the axial load-bending
moment interactions of the SCC columns: (a) columns reinforced with ST33.7 steel
tubes; and (b) columns reinforced with ST26.9 steel tubes
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Table 8.2: Influence of the compressive strength of concrete on the P-M interactions of
SCC columns
Compressive
Strength of
Concrete
(MPa)

30

40

50

57

Loading
Conditions

Specimens
Reinforced with
ST33.7
𝑃
𝑀
(kN)
(kN.m)
2236
0
1261
35.3
823
43.6
0
35.6

Specimens
Reinforced with
ST26.9
𝑃
𝑀
(kN)
(kN.m)
2085
0
1239
34.7
822
43.5
0
30.3

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2370
1452
951

0
40.7
50.4

0
39.8
50.1

0

37.4

2150
1421
945
0

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2622
1629
1071

0
45.6
56.8

0
44.6
56.4

0

39.1

2472
1594
1064
0

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2729
1730
1139
0

0
48.4
60.4
39.9

2598
1694
1132
0

0
47.4
60.0
34.1

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

32.0

33.4

8.6.2 Influence of Tensile Strength and Wall Thickness of the Steel Tube
Steel tubes with four different tensile strengths (250 MPa, 355 MPa, 450 MPa and 550
MPa) and with four different wall thicknesses (1.5 mm, 2.0 mm, 2.6 mm and 3.0 mm)
were considered. The SCC columns were reinforced longitudinally with either six
ST33.7 or six ST26.9 steel tubes and transversely with 50 mm pitch of the steel helix of
10 mm diameter. The compressive strength of the SCC was considered 57 MPa, which
was similar to the compressive strength of the SCC of the tested specimens in Hadi et
al. (2017). The influence of tensile strength of steel tubes on the P-M interactions of the
SCC columns is shown in Figure 8.6. As expected, for the increase in the tensile
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strength of steel tubes, the rate of increase of the bending moment capacities of the SCC
columns under flexural load was higher than the rate of increase of the maximum axial
load capacities of the SCC columns under concentric axial load.
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Figure 8.6: The influence of tensile strength of steel tubes on the axial load-bending
moment interactions of the SCC columns: (a) columns reinforced with ST33.7 steel
tubes; and (b) columns reinforced with ST26.9 steel tubes
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For the increase of the tensile strength of longitudinal steel tubes from 250 MPa to 550
MPa, under concentric axial load, the maximum axial load of the SCC columns
reinforced with ST33.7 and ST26.9 steel tubes increased by about 16.6% and 15.3%,
respectively (Table 8.3). For the increase of the tensile strength of longitudinal steel
tubes from 250 MPa to 550 MPa, under 25 mm eccentric axial load, the maximum axial
load and bending moment capacities of the SCC columns reinforced with ST33.7 steel
tubes increased by about 8.4% and 8.2%, respectively. The maximum axial load and
bending moment capacities of the SCC columns reinforced with ST26.9 steel tubes
increased by about 7.7% and 7.8%, respectively (Table 8.3). For the increase of the
tensile strength of longitudinal steel tubes from 250 MPa to 550 MPa, under 50 mm
eccentric axial load, the maximum axial load and bending moment capacities of the
SCC columns reinforced with ST33.7 steel tubes increased by about 5.5% and 5.2%,
respectively. The maximum axial load and bending moment capacities of the SCC
columns reinforced with ST26.9 steel tubes increased by about 5.2% and 5.1%,
respectively (Table 8.3). Under 50 mm eccentric axial load, the compression region was
about 67% of the cross-sectional area of the column. In the compression region, the
longitudinal steel tubes filled with concrete are influenced by slenderness (𝑠/𝑑𝑡 ) ratio
and outside diameter to thickness (𝑑𝑡 /𝑡) ratio of the steel tube more than the tensile
strength of the steel tubes. For the increase of the tensile strength of longitudinal steel
tubes from 250 MPa to 550 MPa, under flexural load, the bending moment capacities of
the SCC columns reinforced with ST33.7 and ST26.9 steel tubes increased by about
72.4% and 73.9%, respectively (Table 8.3). It can be seen that the effect of tensile
strength of steel tubes on the pure bending moment capacity of SCC columns is higher
than the effect of tensile strength of steel tubes on the maximum axial load capacity of
SCC columns. Under flexural load, the contribution of steel tubes was 70% in the
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maximum load capacity of the column. The capacity of the SCC column under flexural
load is based on the tensile strength of steel tubes and the effective depth of the crosssection of the SCC column. Therefore, especially after the initial crack of the concrete
cover, the maximum load capacity of SCC columns under flexural load is mainly
dependent on the steel tubes.

Table 8.3: Influence of the tensile strength of steel tube on the P-M interactions of SCC
columns
Tensile Strength Loading
of Steel Tube Conditions
(MPa)

250

355

450

550

Specimens
Reinforced with
ST33.7
𝑃
𝑀
(kN)
(kN.m)
2450
0
1602
44.9
1082
57.4
0
26.8

Specimens
Reinforced with
ST26.9
𝑃
𝑀
(kN)
(kN.m)
2445
0
1608
45.0
1092
57.9
0
26.9

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2606
1691
1121

0
47.3
59.4

0
47.4
60.0

0

33.9

2598
1694
1132
0

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2729
1730
1139

0
48.4
60.4

0
48.4
60.9

0

39.9

2700
1729
1149
0

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2857
1737
1141
0

0
48.6
60.4
46.2

2820
1732
1149
0

0
48.5
60.9
46.8

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

34.1

40.3

The influence of wall thicknesses of steel tubes on the P-M interactions of the SCC
columns is shown in Figure 8.7. The thicknesses of steel tubes did not significantly
influence the overall trend of the P-M interactions of the SCC columns. However, the
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maximum axial load and bending moment capacities of the SCC columns were
increased with the increase in the wall thickness of the steel tubes.
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Figure 8.7: The influence of wall thicknesses of steel tubes on the axial load-bending
moment interactions of the SCC columns: (a) columns reinforced with ST33.7 steel
tubes; and (b) columns reinforced with ST26.9 steel tubes
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For the increase of the wall thickness of longitudinal steel tubes from 1.5 mm to 3.0
mm, under concentric axial load, the maximum axial load of the SCC columns
reinforced with ST33.7 and ST26.9 steel tubes increased by about 13.8% and 8.4%,
respectively (Table 8.4). For the increase of the wall thickness of longitudinal steel
tubes from 1.5 mm to 3.0 mm, under 25 mm eccentric axial load, the maximum axial
load and bending moment capacities of the SCC column reinforced with ST33.7 steel
tubes increased by about 13.4% and 13.3%, respectively. The maximum axial load and
bending moment capacities of the SCC column reinforced with ST26.9 steel tubes
increased by about 9.6% and 9.7%, respectively (Table 8.4). The higher cross-sectional
area of the steel tubes increased the contribution of steel tubes in the maximum axial
load and bending moment capacities of SCC columns under eccentric load. For the
increase of the wall thickness of longitudinal steel tubes from 1.5 mm to 3.0 mm, under
50 mm eccentric axial load, the maximum axial load and bending moment capacities of
the SCC column reinforced with ST33.7 steel tubes increased by about 14.2% and
14.1%, respectively. The maximum axial load and bending moment capacities of the
SCC column reinforced with ST26.9 steel tubes increased by about 10.9% and 10.8%,
respectively (Table 8.4). For the increase of the wall thickness of longitudinal steel
tubes from 1.5 mm to 3.0 mm, under flexural load, the bending moment capacities of
the SCC columns reinforced with ST33.7 and ST26.9 increased by about 63.8% and
59.7%, respectively (Table 8.4). The higher wall thickness of steel tube increased the
cross-sectional area of the steel tube and increased the contribution of steel tube in the
maximum axial load of the SCC column. Also, increasing wall thickness of the steel
tube increased the compressive strength of the concrete inside the steel tube and
increased the compressive strength of the SCC column. Increase in the wall thickness of
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the steel tube decreased the 𝑑𝑡 /𝑡 ratio of the steel tube and the confinement of concrete
inside steel tubes increased with decreasing the 𝑑𝑡 /𝑡 ratio of the steel tubes.

Table 8.4: Influence of the wall thickness of steel tube on the P-M interactions of SCC
columns
Wall thickness
of Steel Tube
(mm)

1.5

2.0

2.6

3.0

Loading
Conditions

Specimens
Reinforced with
ST33.7
𝑃
𝑀
(kN)
(kN.m)
2588
0
1663
46.6
1099
58.3
0
32.6

Specimens
Reinforced with
ST26.9
𝑃
𝑀
(kN)
(kN.m)
2427
0
1593
44.6
1062
56.3
0
23.6

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2729
1730
1139

0
48.4
60.4

0
46.1
58.5

0

39.9

2502
1647
1103
0

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2857
1830
1216

0
51.2
64.4

0
47.4
60.0

0

48.2

2598
1694
1132
0

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2944
1885
1255
0

0
52.8
66.5
53.4

2632
1746
1178
0

0
48.9
62.4
37.7

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

28.7

34.1

The maximum axial load and bending moment capacities of the SCC columns
reinforced with ST33.7 steel tubes were higher than the maximum axial load and
bending moment capacities of the SCC columns reinforced with ST26.9 steel tubes. The
differences in the maximum axial load and bending moment capacities are associated
with the differences between cross-sectional areas of the ST33.7 and ST26.9 steel tubes
when the wall thickness of both steel tubes was considered the same. For the wall
thickness of the steel tubes (ST33.7 and ST26.9) of 1.5 mm, the cross-sectional area of
228

the ST33.7 steel tube was about 26.8% larger than the cross-sectional area of the ST26.9
steel tube. For the wall thickness of the steel tubes (ST33.7 and ST26.9) of 3 mm, the
cross-sectional area of the ST33.7 steel tube was about 28.4% larger than the crosssectional area of the ST26.9 steel tube.

8.6.3. Influence of the Pitches of Steel Helices
Steel helices of 10 mm diameter with four different pitches (30 mm, 50 mm, 70 mm and
90 mm) were considered. The SCC columns were reinforced longitudinally with either
six ST33.7 or six ST26.9 steel tubes. The tensile strengths of ST33.7 and ST26.9 steel
tubes were 450 MPa and 355 MPa, respectively. The compressive strength of the SCC
was 57 MPa.

The influence of different pitches of steel helices on P-M interactions of the SCC
columns is shown in Figure 8.8. For SCC columns reinforced longitudinally with steel
tubes and transversely with 30 mm pitch of the steel helix, there are two peak loads in
the axial load-axial deformation curves of the SCC columns. For SCC column
reinforced with steel tubes ST33.7, the first and second peak loads were 2840 and 3088
kN, respectively. For SCC column reinforced with steel tubes ST26.9, the first and
second peak loads were 2695 and 2950 kN, respectively. It is noted that SCC columns
sustained the first peak load prior to the spalling of concrete cover and the second peak
load after the spalling of concrete cover. The second peak load was higher than the first
peak load due to the effective confinement provided by the closely spaced steel helices.
The confinement efficiency of the steel helix increases with a decrease in the spacing of
the steel helix (Paultre and Légeron 2008). The SCC columns with equal or more than
50 mm pitch of steel helices did not show a second peak load. It is worth mentioning
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that the first peak load was taken into account in the maximum axial load capacity of the
P-M interactions of the SCC columns reinforced longitudinally with ST33.7 and ST26.9
steel tubes and transversely with 30 mm pitch of steel helix.
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Figure 8.8: The influence of the pitches of steel helices on axial the load-bending
moment interactions of the SCC columns: (a) columns reinforced with ST33.7 steel
tubes; and (b) columns reinforced with ST26.9 steel tubes
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For the increase of the pitch of steel helices from 30 to 90 mm, under concentric axial
load, the maximum axial load capacities of the SCC columns reinforced with ST33.7
and ST26.9 steel tubes decreased by about 8.4% and 10.6%, respectively (Table 5). The
differences in the maximum axial load capacities of the SCC columns reinforced with
ST33.7 and ST26.9 steel tubes is due to the differences in the 𝑠/𝑑𝑡 ratio of steel tubes.
When the pitch of steel helix was 90 mm, the 𝑠/𝑑𝑡 ratio of the ST26.9 steel tube was
25% higher than the 𝑠/𝑑𝑡 ratio of the ST33.7 steel tube because of the differences in the
outside diameter of steel tubes. Increase in the 𝑠/𝑑𝑡 ratio of the steel tubes resulted in
the lower contributions of steel tubes to the maximum axial load capacity of the SCC
columns.

Table 8.5: Influence of the pitch of steel helices on the P-M interactions of SCC
columns
Spacing of
Steel Helices
(mm)

30

50

70

90
*

Loading
Conditions

Specimens
Reinforced with
ST33.7
𝑃
𝑀
(kN)
(kN.m)
2840*
0
1769
49.6
1158
61.4
0
40.0

Specimens
Reinforced with
ST26.9
𝑃
𝑀
(kN)
(kN.m)
2695*
0
1736
48.6
1151
61.0
0
34.2

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2729
1730
1139

0
48.4
60.4

0
47.4
60.0

0

39.9

2598
1694
1132
0

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2682
1724
1138

0
48.3
60.3

0
47.3
59.9

0

39.9

2467
1688
1130
0

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

2600
1729
1142
0

0
48.4
60.5
39.9

2408
1695
1135
0

0
47.4
60.2
34.1

Concentric
𝑒 = 25 mm
𝑒 = 50 mm
Flexural

First peak axial load of specimens
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34.1

34.1

For the increase of the pitch of steel helices from 30 to 90 mm, under 25 mm eccentric
axial load, the maximum axial load and bending moment capacities of the SCC columns
reinforced with ST33.7 and ST26.9 steel tubes decreased by about 2.4% (Table 8.5). For
the increase of the pitch of steel helices from 30 to 90 mm, under 50 mm eccentric axial
load, the maximum axial load and bending moment capacities of the SCC columns
reinforced with ST33.7 and ST26.9 steel tubes decreased by only 1.4% (Table 8.5). The
confinement effect by steel helices on the maximum axial loads of the SCC columns
under eccentric axial load was significantly less than the confinement effect by steel
helices on the maximum axial loads of the SCC columns under concentric axial load.
Under flexural load, no significant differences were observed in the bending moment
capacities of the SCC columns reinforced with steel tubes (Table 8.5).

8.7 Conclusions
This study develops an analytical model to investigate the axial load-bending moment
interactions of self-compacting concrete (SCC) columns reinforced with steel tubes. The
developed analytical model takes into account the contribution of the steel tubes,
unconfined concrete cover, confined concrete core and confined concrete inside the
steel tube. The influences of different parameters (e.g., the compressive strength of the
SCC, tensile strength of the steel tube, wall thickness of the steel tube and pitch of the
steel helix) on the behaviour of SCC columns reinforced with steel tubes have been
investigated. Based on analytical results of this study, the following conclusions are
drawn:
1. The results of the analytical model match very well with the experimental
investigation results of SCC columns under concentric and eccentric axial loads.
However, for the SCC columns under flexural load, the experimental bending moments
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of SCC column specimens were higher than the analytical bending moments. The higher
experimental bending moments was because the specimens tested under flexural load
had a shear span to depth ratio less than twice the effective depth of the concrete crosssection. Hence, the failure of the specimens might not be due to the pure bending.
2. Increasing compressive strength of concrete led to a substantial increase in the
maximum axial load and bending moment capacities of the SCC columns. However, for
the increase of the compressive strength of concrete from 30 to 57 MPa, the rate of
increase of the maximum axial load and bending moment capacities of SCC columns
under concentric, 25 and 50 mm eccentric axil loads was higher than the rate of increase
of the maximum bending moment capacities of SCC columns under flexural load.
3. The influence of tensile strength of steel tubes on the maximum bending capacity was
more than the influence of tensile strength of steel tubes on the maximum axial load
capacity of the SCC columns. For columns under concentric axial load, as the tensile
strength of steel tubes increased from 250 MPa to 550 MPa, the maximum axial load of
SCC columns reinforced with ST33.7 and ST26.9 increased by about 16.6% and 15.3%,
respectively. For SCC columns under flexural load, the bending moment capacities of
SCC columns reinforced with ST33.7 and ST26.9 steel tubes increased by about 72.4%
and 73.9%, respectively.
4. The thicknesses of steel tubes did not significantly influence the overall trend of the
P-M interactions of the SCC columns. However, the maximum axial load and bending
moment capacities of the SCC columns were increased with the increase of the wall
thickness of the steel tubes.
5. For the increase of the pitch of steel helices from 30 to 90 mm in the SCC columns
reinforced with ST26.9 steel tubes, the first peak axial load decreased by 10.6%. For the
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increase of the pitch of steel helices from 30 to 90 mm in the SCC columns reinforced
with ST33.7 steel tubes, the first peak axial load decreased by 8.4%. The slenderness
(𝑠/𝑑𝑡 ) ratio of the ST26.9 steel tube was 25% higher than the slenderness ratio of the
ST33.7 steel tube when the pitch of steel helix was 90 mm. The increase in the
slenderness ratio of the steel tubes reduces the contributions of the steel tubes to the
maximum axial load capacity of the columns.
6. Increasing the pitch of steel helices from 30 to 90 mm, under 25 mm eccentric axial
load, the maximum axial load and bending moment capacities of the SCC columns
reinforced with ST33.7 and ST26.9 steel tubes decreased by about 2.4%. Under 50 mm
eccentric axial load, the maximum axial load and bending moment capacities of the
SCC columns reinforced with ST33.7 and ST26.9 steel tubes decreased by only 1.4%.
However, under flexural load, no significant differences were observed in the bending
moment capacities of the SCC columns reinforced with steel tubes.

Notation
The following symbols are used in this paper:
𝐴𝑐𝑜𝑟𝑒

= area of the concrete core confined by steel helix

𝐴𝑐𝑜𝑣𝑒𝑟

= area of unconfined concrete cover

𝐴𝑠ℎ

= area of the steel helix

𝐴𝑡

= cross-sectional area of the longitudinal steel tube

𝐴𝑡𝑢𝑏𝑒

= area of the concrete inside steel tubes

𝑏𝑐𝑜𝑣𝑒𝑟,𝑖

= width of the concrete cover in the 𝑖 𝑡ℎ layer

𝑏𝑐𝑜𝑟𝑒,𝑖

= width of the concrete core in the 𝑖 𝑡ℎ layer

𝑏𝑡𝑢𝑏𝑒,𝑖

= width of the concrete inside the steel tube in the 𝑖 𝑡ℎ layer

𝐷

= diameter of the column
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𝐷𝑐

= centre-to-centre diameter of the steel helix

𝑑𝑗

= distance from the extreme concrete compressive fibre to the centre line of the
steel tube

𝑑𝑛

= depth of neutral axis (𝑁. 𝐴.)

𝑑𝑡

= outside diameter of the steel tube

𝐸𝑐

= modulus of elasticity of the concrete

𝐸𝑠ℎ

= modulus of elasticity of the steel helix

𝐸𝑠𝑒𝑐,𝑐

= secant modulus of elasticity of the confined concrete

𝐸𝑠𝑒𝑐,𝑢

= secant modulus of elasticity of the unconfined concrete

𝐸𝑡

= modulus of elasticity of the steel tube

𝑓𝑐

= unconfined concrete stress

𝑓𝑐𝑐

= confined concrete stress

𝑓𝑐′

= 28-day cylinder concrete compressive strength

𝑓𝑐𝑐′

= peak stress of confined concrete

𝑓𝑐𝑐,𝑐𝑜𝑟𝑒

= axial stress in the confined concrete core

𝑓𝑐𝑐,𝑡𝑢𝑏𝑒

= axial stress in the longitudinal steel tubes

𝑓𝑐𝑜

= unconfined concrete compressive strength which is equal to ∝1 multiplied by 𝑓𝑐′

𝑓𝑐𝑜𝑣𝑒𝑟,𝑖

= compressive stress of the concrete cover in the 𝑖 𝑡ℎ layer

𝑓𝑐𝑜𝑟𝑒,𝑖

= compressive stress of the concrete core in the 𝑖 𝑡ℎ layer

𝑓𝑡𝑢𝑏𝑒,𝑖

= compressive stress of the concrete inside the steel tube in the 𝑖 𝑡ℎ layer

𝑓𝑙

= effective confining pressure of the steel helix

𝑓𝑙𝑡

= effective confining pressure of the steel tube

𝑓𝑡

= stress of the steel tube in the linear elastic portion

𝑓𝑡𝑦

= yield stress of the steel tube

𝑓𝑦ℎ

= yield stress of the steel helix
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𝑘𝑒

= coefficient of the confined concrete core by steel helix

𝑀𝑇

= moment carrying capacity of the column

𝑚

= number of longitudinal steel tubes

𝑛

= number of small parallel layers

𝑛′

= material parameter depending on the shape of stress-strain curve

𝑛1′

= modified material parameter at the ascending part

𝑛2′

= modified material parameters at the descending part

𝑃𝑎𝑥𝑖𝑎𝑙

= total axial load of columns under concentric axial load

𝑃𝑐𝑜𝑣𝑒𝑟,𝑖

= compressive force of the concrete cover in the 𝑖 𝑡ℎ layer

𝑃𝑐𝑜𝑟𝑒,𝑖

= compressive force of the concrete core in the 𝑖 𝑡ℎ layer

𝑃𝑡𝑢𝑏𝑒,𝑖

= compressive force of the concrete inside the steel tube in the 𝑖 𝑡ℎ layer

𝑃𝑠,𝑗

= force of the steel tube

𝑃𝑇

= axial load carrying capacity of the column under 25 mm, 50 mm eccentric and
flexural loads

𝑠

= pitch (centre-to-centre spacing) of the steel helix

𝑠′

= clear spacing of the steel helix

𝑡

= wall thickness of the steel tube

𝑡𝑜

= thickness of each layer

𝑌𝑖

= distance from the extreme concrete compressive fibre to the mid-height of each
layer

∝1

= coefficient of compressive strength of concrete

𝛼𝑠

= modification factor for the peak stress of confined concrete

𝛼𝜃

= hoop strain factor

𝜀𝑐

= axial strain corresponding to 𝑓𝑐

𝜀𝑐𝑐

= axial strain corresponding to 𝑓𝑐𝑐

′
𝜀𝑐𝑐

= axial strain corresponding to 𝑓𝑐𝑐′
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𝜀𝑐,𝑖

= strain in the centre of each layer

𝜀𝑐𝑜

= axial strain corresponding to 𝑓𝑐𝑜

𝜀𝑐𝑢

= ultimate strain of concrete

𝜀𝑡

= axial strain corresponding to 𝑓𝑡

𝜀𝑡𝑦

= axial strain corresponding to 𝑓𝑡𝑦

𝜀𝑦ℎ

= axial strain corresponding to 𝑓𝑦ℎ

𝜀𝜃

= hoop strain of the steel tube

𝜌𝑐𝑐

= ratio of area of longitudinal steel reinforcement to the area of the concrete core of
the column

𝜌𝑠

= longitudinal reinforcement ratio

𝜌𝑠ℎ

= volumetric ratio of steel helix

𝜎𝜃

= hoop stress of the steel tube

𝜛, 𝜉, 𝜓

= coefficients of equations for model Aslani and Nejadi (2012)
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CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS

9.1 Introduction
The main objective of this study is to investigate the behaviour of columns reinforced
with small-diameter steel tubes filled with SCC (STR SCC column) under different
loading conditions. From the results of the theoretical and experimental studies, some
key conclusions are drawn in the sections below.

9.2 Mechanical Properties of Self-Compacting Concrete
A number of concrete mixes were investigated to achieve self-compacting concrete
(SCC). The properties of fresh concrete were tested according to ASTM methods. The
standard mechanical properties including compressive strength, splitting tensile
strength, flexural strength and the modulus of elasticity under compression as well as
the uniaxial direct tensile strength of the SCC were determined. Based on the results of
the experimental program carried out on the properties of the SCC, the following
conclusions can be drawn:
1. A new method of testing SCC under uniaxial tension was proposed. The method was
developed to overcome the difficulties associated with testing methods adopted in the
previous research studies. Also, the direct tensile testing method developed in this
study provides rational and reliable results for the direct tensile strength of the
normal strength concrete (NSC), high-strength concrete (HSC) and steel fibre
reinforced high-strength concrete (SFHSC) using a simple and effective testing
technique.
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2. The average direct tensile strengths of the tested specimens were found to be less
than the average flexural strength and splitting tensile strength.
3. The direct tensile strength of the SCC specimens tested based on the designed and
developed test setup was approximately equal to 90 percent of the splitting tensile
strength.
4. The average modulus of elasticity in direct tension was found to be 20 GPa, which
was equal to the two-thirds of the modulus of elasticity in compression.

9.3 Behaviour of Small Diameter Steel Tubes under Axial Compression
Steel tubes are widely used in different structural applications and are subjected to
different types of loading. Small diameter steel tubes in lieu of solid steel bars were
used as the main reinforcement in circular reinforced concrete columns. Based on the
experimental investigations carried out on the behaviour of small-diameter steel tubes
under axial compression, the following conclusions can be drawn:
1. The behaviour of galvanized and cold-formed small diameter steel tubes under axial
compression is significantly influenced by the 𝐿/𝐷 ratio. For the 𝐿/𝐷 ratio of 2 and
4, the compressive failure in the steel tube specimens occurred due to local
elephant’s foot buckling. For the 𝐿/𝐷 ratio ≥ 6, the compressive failure modes of
galvanized and cold-formed steel tube specimens changed from local elephant’s foot
buckling to global buckling. In structural applications, steel tubes with 𝐿/𝐷 < 6
should be used to prevent global buckling and to increase the ductility.
2. The stress-strain behaviour of galvanized steel tube specimens with 𝐿/𝐷 ratio ≤ 6
exhibited strain hardening after the yield stress. It is noted that the cold-formed steel
tube specimens exhibited no clear yield point under axial tension and also under axial
compression. However, the ultimate compressive strength of cold-formed steel tube
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specimen was higher than the yield compressive stress for specimens with 𝐿/𝐷 ratio
of 10 and below.
3. The average ultimate compressive strength to yield compressive stress ratios of
galvanized tube specimens were greater than 1.08 for the specimens with 𝐿/𝐷 ratio ≤
4. The average ultimate compressive strength to yield compressive stress ratios of
cold-formed tube specimens were greater than 1.08 for the specimens with 𝐿/𝐷 ratio
≤ 8.
4. The yield compressive stress was slightly larger than the yield tensile stress for
galvanized steel tube specimens with 𝐿/𝐷 ratio ≤ 6. The yield compressive stress
was slightly larger than the yield tensile stress for cold-formed steel tube specimens
with 𝐿/𝐷 ratio of 2. The ultimate compressive strength of galvanized and coldformed steel tube was found to be less than the ultimate tensile strength for
specimens with 𝐿/𝐷 ratio ≥ 6.

9.4 Behaviour of Small-Diameter Self-Compacting Concrete-Filled Steel Tubes
Based on the experimental and analytical investigations carried out on the behaviour of
small-diameter SCC-filled steel tubes under axial compression, the following
conclusions can be drawn:
1. The axial load capacity of self-compacting concrete-filled steel tubes (SCFT)
specimens was found to be higher than the axial load capacity of corresponding
unfilled steel tube (UT) specimens due to the effect of the concrete infill. The
average axial load capacity of the specimens in Group SCFT26.9 and Group
SCFT33.7 were 30% and 49% higher than the average axial load capacity of the
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specimens in Group UT26.9 and Group UT33.7, respectively. The greater effect of
the infill concrete was observed for specimens tested with L/D ratio of 2 and 4.
2. For 𝐿/𝐷 ratio of 2 and 4, the compressive failure in the UT specimens occurred as a
result of local elephant’s foot buckling. However, the compressive failure in the
SCFT specimens was different to the compressive failure in the UT specimens. For
SCFT specimens with 𝐿/𝐷 ratio of 2 and 4, the first peak axial load occurred with
small bulges along the steel tube specimen. Then, the axial load continued to increase
due to extension of small bulges during the compression test. The small bulges were
extended as an expansion of the concrete core after the steel yielding. Finally, the
specimens failed by crushing the concrete core due to an increase in outward local
buckling of the steel tube.
3. For the 𝐿/𝐷 ratio ≥ 6, the compressive failure modes of UT specimens changed from
local elephant’s foot buckling to global buckling. Global buckling failure was
observed to occur as a bend in a sharp angle near the mid-height of the tube (inward
buckling). For SCFT specimens, the failure also occurred due to global buckling of
the specimens. However, the SCFT specimens with 𝐿/𝐷 ratio ≥ 6 gradually lost the
axial load capacity due to the formation of small bulges in the middle of the steel
tube. The small bulges prevented the occurrence of sudden failure as a result of
global buckling of the specimen.
4. The design recommendations in the American standard ANSI/AISC 360-10 (2010)
for CFT columns conservatively predicted the experimental axial load capacity of the
SCFT.
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9.5 Behaviour of Self-Compacting Concrete Columns Reinforced Longitudinally
with Steel Tubes
Use of small-diameter circular steel tubes filled with the SCC in lieu of conventional
steel bars was investigated in reinforcing the concrete column. Hence, a new reinforcing
method of the concrete column specimens was proposed. Problems associated with the
use of steel tubes as longitudinal reinforcement in columns because of slip of steel tubes
have been highlighted. The following conclusions can be drawn.
1. Because the tensile strength of steel bars and steel tubes are different, the force
contribution of ST33.7 steel tubes in Specimen ST33.7H50 was found to be less than
the force contribution of N16 steel bars in the Reference Specimen N16H50 by
19.9%. In spite of less force contribution of steel tubes, Column Specimen
ST33.7H50 had similar yield and maximum load as Reference Specimen N16H50
under concentric and 25-mm eccentric axial compression. The yield loads of
Specimens N16H50 and ST33.7H50 were 2505 and 2500 kN, respectively. The
maximum loads of the Specimens N16H50 and ST33.7H50 were 2734 kN and 2729
kN, respectively. Hence, using steel tubes with similar tensile strength to steel bars
might result in a higher maximum load capacity.
2. For concentric load and 25-mm eccentric load, specimens reinforced with ST33.7
steel tubes had a maximum load capacity greater than specimens reinforced with
ST26.9 steel tubes. For 50-mm eccentric load, however, Specimen ST26.9H50E50
showed a maximum load higher than that of Specimen ST33.7H50E50 because of
the slip of ST33.7 steel tubes.
3. Despite the fact that the cross-sectional areas of ST33.7 and ST26.9 steel tubes are
the same, increasing the pitch of helices from 50 to 75 mm resulted in a higher
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reduction in the maximum axial load of specimens reinforced with ST26.9 tubes
compared to specimens reinforced with ST33.7 tubes.
4. Under flexural loading, the maximum loads of Specimens ST33.7H50F and
ST26.9H50F were 7 and 25% lower, respectively, than that of Reference Specimen
N16H50F. In addition, the initial slope of load-midspan deflection diagrams in the
specimens reinforced with ST33.7 tubes (nominal tensile strength=350 MPa) was
steeper than that of the specimens reinforced with ST26.9 tubes (nominal tensile
strength=250 MPa).
5. The ductility of STR SCC specimens was significantly influenced by the slip of steel
tubes under eccentric loading; however, the STR SCC specimens showed a higher
ductility than Reference Specimen N16H50C under concentric loading.
6. Welding a single washer at the ends of the steel tubes to prevent slip in concrete was
insufficient and resulted in a tearing of the tubes near the welding area at both ends
of the tube in the tension and compression regions. In contrast, welding double
washers at the ends of the tubes prevented the slip of longitudinal steel tubes in
concrete.

9.6 Analytical Investigations of SCC Columns Reinforced with Steel Tubes
Analytical investigations on the axial load-axial deformation behaviour of selfcompacting concrete (SCC) columns reinforced with steel tubes were carried out. Two
types of steel tubes were used in the SCC columns as longitudinal reinforcement. The
influences of different parameters including the compressive strength of SCC, tensile
strength of steel tube, wall thickness of steel tube and pitch of steel helix were
investigated. Based on the analytical results, the following conclusions are drawn:
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1. The analytical axial load-axial deformation response of the SCC columns reinforced
with steel tubes was calculated based on the stress-strain responses of the longitudinal
steel tubes, unconfined concrete cover, confined concrete core and confined concrete
inside the steel tube. The analytical and experimental axial load-axial deformation
curves of columns showed good agreements.
2. The compressive strength of the confined concrete core and the compressive strength
of the confined concrete inside the steel tube were compared. For the SCC columns
reinforced transversely with steel helices having a pitch of 50 mm, the enhancement
factor of the confined concrete core was 1.32, whereas the enhancement factors of the
confined concrete inside the ST33.7 and ST26.9 steel tubes were 2.6 and 3.41,
respectively. The enhancement factors of the confined concrete inside the steel tubes
were higher than the enhancement factors of the confined concrete core for the same
pitch of steel helices. Thus, steel tubes effectively confined the concrete inside the tube
and resulted in higher axial compressive strengths of the SCC columns.
3. As the concrete compressive strength increased from 30 MPa to 57 MPa, the
maximum axial load of the SCC columns reinforced with ST33.7 and ST26.9 steel tubes
increased by about 23% and 24.6%, respectively. With the increase in the compressive
strength of concrete from 30 MPa to 57 MPa, the ductility of Specimen ST33.7H50C
decreased by about 14.4%, whereas the ductility of Specimen ST26.9H50C decreased
by about 17.3%.
4. As the tensile strength of longitudinal steel tubes increased from 250 MPa to 550
MPa, the maximum axial load of Specimens ST33.7H50C and ST26.9H50C increased
by about 16.6% and 15%, respectively. Also, as the wall thickness of longitudinal steel
tubes increased from 1.5 mm to 3.0 mm, the maximum axial load of the SCC columns
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reinforced with ST33.7 steel tubes increased by about 13.8%, whereas the maximum
axial load of the SCC columns reinforced with ST26.9 steel tubes increased by about
8.4%. However, the ductility of SCC columns reinforced with steel tubes was not
significantly influenced by the increase in the tensile strength and wall thickness of steel
tube.
5. For SCC columns reinforced longitudinally with steel tubes and transversely with 30
mm pitch of steel helices, there are two peak axial loads in the axial load-axial
deformation curves of the SCC columns. However, the SCC columns reinforced
transversely with steel helices having a pitch of 50 mm or larger did not show a second
peak axial load. For the increase of the pitch of steel helices from 30 to 90 mm in the
SCC columns reinforced with ST26.9 steel tubes, the first peak axial load decreased by
10.6%. Whereas increasing the pitch of steel helices from 30 to 90 mm in the SCC
columns reinforced with ST33.7 steel tubes, the first peak axial load decreased by 8.4%.
The 𝑠/𝑑𝑡 ratio of the ST26.9 steel tube was 25% higher than the 𝑠/𝑑𝑡 ratio of the
ST33.7 steel tube when the pitch of steel helix was 90 mm.
6. For the increase of the pitch of steel helices from 30 to 90 mm in the SCC columns
reinforced with ST26.9 steel tubes, the ductility decreased by 40%. Whereas increasing
the pitch of steel helices from 30 to 90 mm in the SCC columns reinforced with ST33.7
steel tubes, the ductility decreased by 37%.
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9.7 Recommendations for Future Studies
Based on the experimental and analytical investigations carried out on the behaviour of
columns reinforced with small-diameter steel tubes filled with SCC (STR SCC column),
the following topics are recommended for future studies:

1. To prevent premature failures due to the slip of steel tubes within the concrete, the
surface of the steel tubes can be coated to increase the roughness. Future research
investigations on the bond stress between the coated steel tubes and concrete need to
be carried out for the efficient design and construction of STR SCC columns.
2. The STR SCC columns with a wide range of concrete compressive strengths, steel
tubes and cross-sections (rectangular and square) need to be investigated
experimentally and analytically to better understand the behaviour of STR SCC
columns.
3. Effects of high tensile strength of steel tubes on the behaviour and performance of
STR SCC columns need to be investigated.
4. Full-scale testing of the STR SCC column specimens is recommended. In addition,
the slenderness effect of STR SCC column specimens is recommended to be
investigated.
5. Experimental investigations are needed for very small and very large pitches of steel
helices to verify the results of the analytical modelling.
6. Finite element modelling of the STR SCC columns needs to be carried out to simulate
the behaviour of full-size STR SCC column specimens under different loading
condition. The slip model of steel tubes in STR SCC columns is also recommended
to be investigated.
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